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ABSTRACT 

The Circumgalactic Medium (CGM) of late-type galaxies is characterized using UV spectroscopy 
of 11 targeted QSO/galaxy pairs at z < 0.02 with the Hubble Space Telescope Cosmic Origins Spec- 
trograph and ~ 60 serendipitous absorber/galaxy pairs at z < 0.2 with the Space Telescope Imaging 
Spectrograph. CGM warm cloud properties are derived, including volume filling factors of 3-5%, 
cloud sizes of 0.1-30 kpc, masses of 10-10 8 Mq and metallicities of ~ 0.1-1 Zq. Almost all warm 
CGM clouds within 0.5 i? v ir are metal-bearing and many have velocities consistent with being bound, 
"galactic fountain" clouds. For galaxies with L > 0.1 L*, the total mass in these warm CGM clouds 
approaches 10 10 Mq, ~ 10-15% of the total baryons in massive spirals and comparable to the baryons 
in their parent galaxy disks. This leaves > 50% of massive spiral-galaxy baryons "missing" . Dwarfs 
(< 0.1 L*) have smaller area covering factors and warm CGM masses (< 5% baryon fraction), sug- 
gesting that many of their warm clouds escape. Constant warm cloud internal pressures as a function 
of impact parameter (P/k ~ 10 cm -3 K) support the inference that previous COS detections of broad, 
shallow O VI and Lya absorptions are of an extensive (~ 400-600 kpc), hot (T « 10 6 K) intra-cloud 
gas which is very massive (> 10 11 Mq). While the warm CGM clouds cannot account for all the 
"missing baryons" in spirals, the hot intra-group gas can, and could account for ~ 20% of the cosmic 
baryon census at z ~ if this hot gas is ubiquitous among spiral groups. 



1. INTRODUCTION 

The characterization of the Circumgalactic Medium 
(CGM) is necessary for any detailed understand- 
ing of galaxy formation and evolution, but its di- 
rect detection has been, so far, elusive. The 
theoretical case for a massive CGM is demon- 
strated by the continuing high star formatio n rate 
(SFR) in spiral galaxie s (|Binnev fc Tremainel Il987t 
IChomiuk fc PovichT 120111 ) as well as the detailed 
metallicity history in ga la xies (e.g., the "G dwarf 
problem" ; ILarso hi [19721: IBinnev fc Tremainel [l987t 
iChiappini. Matteucci fc Romano! 120011) . requiring that 
any successful model of galactic evolution is not a "closed 
box". Low-metallicity gas must be accreted by each 
star-forming galaxy to explain these basic observables 
(~ 1 Mq yr^ 1 for the Milky Way), but how much gas is 
present in the CGM at any one time? And how much 
of this is accreted from outside the system versus how 
much is recycled from the galaxy through the CGM? 
Additionally, there exists a substantial deficiency of de- 
tected baryons in spiral galaxies relati ve to the cosmic 
ratio of baryons to dark matter (e.g., iMcGaugh et al.1 
120001 : iKlvpin et all 120011 ) that seems to require a CGM 
baryonic mass much greater than the total amount in the 
galaxy's disk. The direct measurement of the amount, 

1 Based on observations with the NASA/ESA Hubble Space 
Telescope, obtained at the Space Telescope Science Institute, 
which is operated by AURA, Inc., under NASA contract NAS 
5-26555. 



extent, ionization state (and thus total mass), metallic- 
ity and ori gin of the mu lti-phase CGM (a.k.a. the galac- 
tic "halo": ISpitzerlll956ft remains largely uncharacterized. 
This is due both to its low density (and thus low emission 
measure) and also to its range of temperatures (thought 
to be 10 4 -10 6 K) which makes it impossible to detect 
in emission beyond a few kpc above galactic disks using 
current instruments. 

For our own Galaxy, the detection of some small 
amount of CGM gas has been made possible by observ- 
ing the so-called high velocity clouds (HVCs) using H I 
21-cm emission dWakker fc van Woerde"r] 119971: iWakkerl 
120011: iPutman. Peek fc Joundl2012t) . but the number of 
baryons in HVCs is not substantial. Recently, various 
methods for determining, or at least bracketing HVC dis- 
tances , have found that these clouds are only a few kpc 
away (Bland- Hawthorn fc Malonevlll999t IPutman et al.l 
[20031: IWakker et all 120071: iLehner fc Howkl 1201 ID . Many 
remain without distance estimates, leading to sugges- 
tions that a su bset of HVCs are ^ > 10 kpc away and much 
more massive (iBlitz et al.lll999[). There is little su pport 
for this conjecture however (jPutman et alJ 12012). At 
present, the total infall rate of H I 21-cm detected HVC 
mass is an order of magnitude short of that required to 
sustain the current level of star formation in the Milky 
Way. 

However, it is possible to use background AGN 
(quasars, QSOs, BL Lacs and Seyferts; we will use 
the abbreviation QSO to refer to these various classes 
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of AGN collectively), which have large far-UV (FUV) 
fluxes (> 1CP 15 ergs cm -2 s^ 1 A -1 ) to probe the full 
extent of the CGM in both the Milky Way and in 
other galaxies. In our own Galaxy's halo, the discov- 
ery of highly-ionized HVCs (ISembach et al.l ll995l 12001 



Collins, Shul l. fc Giro ux 2004) using UV spectroscopy of 
QSOs has reve aled a much larger reservoir of infalling gas 
(~ 1 M^yr-^ IShull et alT^OaiColUns. Shull. fe Gfrcmxl 
[2009ft than the H I 21 -cm HVCs. But only in some cases 
(ILehner fc Howl[20Tlft can the distance to these highly- 
ionized HVCs be determined, allowing their total mass 
to be esti mated. Neverthele ss, the mass infall rate esti- 
mated bv lShull et al.l (|2009) is sufficient to f uel much of 
the on-going Milky Way SFR (2-4 vr" 1 : iDiehl et al.1 
[2006t IRobitaille fe Whitnevl[20llt[Snull et al.H201ll i~ 

But what is the origin of this infalling material? Ob- 
servations of similar clouds around other galaxies can 
generalize their presence to other star-forming galaxies 
and provide an elementary understanding of a galactic 
ecology. Using UV spectroscopy of QSOs to study our 
own Galaxy's gaseous halo and that of other galaxies 
are nicely complementary. For our own Galaxy, CGM 
clouds within a few kpc of the disk are directly detected, 
and their infalling or outflowing kinematics are readily 
measured, but their distances are often poorly known. 
On the other hand, QSO probes of the CGM of other 
galaxies detect "warm", photoionized and "warm-hot", 
collisionally-ionized clouds at greater galactocentric dis- 
tances, providing an easily-measured lower bound on 
their galactocentric distances. However, in these cases, 
cloud kinematics are usually uncertain. And, until re- 
cently, very few QSOs near galaxies have been bright 
enough to provid e sufficient targets f or multiple probes 
of single galaxies (jKeenev et al.N2012l ). 

The advent of the Cosmic Origins Spect rograph 
(COS; iGreen et al.ll2012t lOsterman et al.ll2011h on the 
Hubble Space Telescope (HST) has allowed much fainter 
background target QSOs to be observed. This has 
facilitated detailed studies of the CGM by targeting 
fainter QSOs which are projected within the virial 
radius of a foreground galaxy. Before COS, the Faint 
Object Spectrograph (FOS) was used to conduct a 
substantial "Key Project" survey (iBahcall et al.l 119931 : 
iWevmann et al.l]l995l : Ijannuzi et al.lll998h that detected 
only the strongest Lya absorbers (W\ > 250 mA). 
While ma ny of these do appea r associated with bright 
galaxies (jLanzetta et al.l [1995), these absorbers are 
mostly well outside the virial radius of the nearby 
bright galaxies and are at distances too great to de- 
termine if somewhat fainter galaxies are much closer 
to the sight line. Later the Goddard High Resolu- 
tion Spectrograph (GHRS) and the Space Telescope 
Imaging Spectrograph (STIS) found many weake r 
absorbers dMorris et al.l|199lHTripp. Lu. fc Savagdll99"- 
Penton. Shull. fc Stockel 120001: IPenton Stocke fc Shul 



20001, 1200J; [Danforth & Shull [2005J, [20081) which 



were show n to have a much looser association with 
galaxies dMorris et al.l 



19931: IBowen et al.l IT9971: 

r 



Impey. Petry. fc Flint! 119991: IPenton. Stocke. fc Shulll 
20021120041 : iWakker fc Savage! 120091 ). In the GHRS and 
STIS eras there was little choice of QSO targets for 
high resolution and signal-to-noise UV spectroscopy 
and any probes of foreground CGM gas were almost 



entirely "serendipitous" . However, given the very small 
covering factor of galaxies and their CGM on the sky, 
there are few detected serendipitous CGM absorbers, 
and, when detected, these absorbers are most often in 
the outermost parts of the CGM at close to or just 
beyond the virial radius. The ten-fold increase in FUV 
sensitivity of COS now allows a substantial list of 
possible targets, including numerous QSOs close enough 
on the sky to foreground galaxies to probe the inner and 
outer CGM of nearby galaxies. 

The tactic taken by several other HST /C OS observers, 
as first reported in lTumlinson et all ([20111 ). is to use the 
vast database of the Sloan Digital Sky Survey (SDSS) 
to locate foreground galaxies near UV-bright targets. 
Owing to the flux-limited nature of the SDSS photom- 
etry and spectroscopy, this approach allows a study 
of the CGM of luminous galaxies out to z w 0.2- 
0.3. These redshifts maximize COS detectability of 
both higher order H I Lyman lines and the critical 
O VI absorption doublet, which probes so-called "warm- 
hot" gas at T w 10 5 -10 6 3 K. However, the ioniza- 
tion mechanism for this tra nsition remains controversial , 
as both photo-io nization ([Dave fc Oppenheimerl 120071 : 

ripp et "al~ll200S ) and collisional ionization due to shocks 



( Cen fc Ostriker 



[19991: IShull. Smith, fc Danforth ! 12011) 



have been proposed. This ambiguity makes the interpre- 
tation of CGM O VI detections more uncertain, but the 
use of O VI absorption is essential to fully characterize 
the CGM gas. 

The tactic taken by the COS Science Team (here- 
after called Guaranteed Time Observers or GTOs) is 
complementary to the Tumlinson et al. approach. We 
have searched for bright QSOs near on the sky to very 
nearby (z < 0.02) galaxies with a range of luminosi- 
ties (< 0.01 L* to L*) and morphologies (massive spi- 
rals to dwarf irregulars, including star bursting systems, 
and low surface brightness galaxies). In this way we 
have probed the CGM of a variety of late- type galax- 
ies. Although the sample has limited size and is some- 
what biased in its target selection, we have neverthe- 
less constructed it with the goal of characterizing the 
CGM of late-type galaxies of various luminosities and 
morphologies for input into models of galactic evolution. 
At low redshift the diagnostic absorption lines of low 
ions Si II, C II and Si III and the high ions Si IV and 
C IV as well as the H I Lya line are available within 
the COS FUV bandpass (1150-1800A) for detection and 
study. While O VI absorption is more controversial, these 
FUV low- and high-ionization metal lines have strengths 
that are well-modeled for the most part assuming photo- 
ionization provided by the extragalactic ionizing radia- 
tion field. This extra galactic background has been well- 
chara cterized locally (|Shull et al.ll2012 : Haard t~fc Madaul 
[2011 ) and so can be used to model warm (T ~ 10 4 K) 
CGM clouds and the CGM in general. Throughout this 
paper we will refer to these clouds as "warm CGM" ab- 
sorbers, an observational definition based originally on 
the popular three-phase interstellar medium model. A 
confusion in terminology has arisen recently when theo- 
retical modelers refer to any gas at less than the virial 
temperature of a system (T ~ 10 6 K for a massive 
galaxy) a s "cold". It is quite plausible that "cold ac - 
cretion" (jKeres fc Hernq uist 20091 iKeres et al.l [2009b) 
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could consist largely of what we term here "warm" CGM 
clouds. 

Using a sample of very nearby galaxies also offers the 
possibility of in-depth scrutiny of the host galaxy. For 
example, deep Ha imaging for star formation rates, long- 
slit emission-line spectroscopy for galaxy rotation curves, 
and H I 21-cm imaging spectroscopy for rotation curves 
and to search for extra-planar H I emission can all be 
brought to bear when the targeted galaxy is at z < 0.02. 
Galaxy metallicity measurements provided by H II re- 
gion spectroscopy and/or Lick absorption line indices 
help constrain absorber metallicity and provide impor- 
tant limits for successful physical models of CGM clouds 
created within the galaxy either as "fountains" or un- 
bound "winds" ; i.e., unless there are very nearby galaxies 
with higher luminosity (and potentially higher metallic- 
ity), iTabs < Z sa \ can be assumed as a useful constraint on 
models of CGM clouds. It is even possible in some cases 
at low-z to infer whether the gas is infalling or outflowing 
by using internal extinction patterns across the galaxy 
disk and assuming that an y outflow or infall is largely 
vertic al to the galaxy's disk (jStocke. Keenev. & Danforth 
120101 ). These complementary studies of the host galaxy 
to the absorbers are not possible in such detail even at 
z-0.3. 

For the purposes of this paper, we define the CGM 
as the gas within the virial radius of the galaxy 
without reference to its dynamical state; i.e., in- 
falling fr om outside the galaxy (ex t ragalactic "cold ac- 
cretion" ; IKeres fc Hernauistl [2009at IKeres et all l2009bl : 
iKacprzak et al.l I2010D . infalling afte r first being out- 
flowing (i.e., a "gala ctic fountain"; iShull et al.l I [2009; 
iLehner fe Howkl 1201 lh . outflowing b ut bound (also a 
galactic fountain: iKeenev et al.l l2005) , or outflowing and 
unboun d (a "galactic wind" as advocated for many sys- 
tems bylLehnert fc Heckmanll 19961: 
Shaplev et al.1 120031 : iWeiner et al 



Heckman e t al. 2000; 
2009; iMartin et al.1 
20121 among others). While absorption- line spectroscopy 



against the continuum source produced by a starburst 
galaxy nucleus can determine infall versus outflow unam- 
biguously, the location of the absorbing material relative 
to the galaxy potential is not well-determined. Thus, 
whether outflowing gas escapes into the IGM is not well- 
determined either. In the case of a QSO sight line pass- 
ing close to a foreground galaxy, the impact parameter 
provides a lower limit on the physical distance of the 
absorbing gas and the radial velocity difference allows a 
reasonable, but not fully unambiguous, determination of 
whether this gas escapes from the galaxy into the IGM 
(see, e.g.. lTumlinson et al.ll2011[ ). Thus, both techniques, 
observing absorption against starburst continua and ob- 
serving QSO/galaxy pairs, have significant limitations as 
well as unique advantages. 

In this paper we present a two-pronged approach to ad- 
dressing the nature of the CGM using UV spectroscopy of 
background QSOs near on the sky to foreground galaxies. 
Two samples of absorber/galaxy pairs are investigated: 
targeted detections made using COS and serendipitous 
detections from the STIS/FUSE archives. 

In Section 2 we present a modest-sized sample of 11 
QSO/galaxy pairs (11 QSO targets probing 10 fore- 
ground galaxies) targeted for observation with COS be- 
cause the QSO sight line passes within the virial radius 
of the foreground galaxy. The targeted galaxies are all 



late-type and at very low redshift (z < 0.02). At these 
redshifts the COS FUV spectra are very sensitive to Lya, 
as well as covering the wavelengths of low and high ions 
plausibly photoionized, ranging from C II 1335 A and 
Si III 1206 A to Si IV 1393, 1403 A and C IV 1548, 1552 
A. While N V is present within the spectral coverage, 
this doublet is usually very weak, and the wavelengths 
of O VI are not covered by these spectra so that little 
or no information is available for the highest ions likely 
to be present in these clouds. The detection of the low 
and high ions listed above allows an estimate of the ba- 
sic physical structure of the clouds (e.g., density, size, 
ionized fraction and total mass) from standard photo- 
ionization modeling while leaving the amount of hotter 
gas poorly constrained. In addition, with only the first 
transition of the Lyman series detectable at the redshifts 
of the foreground galaxies, the column density of H I is 
sometimes not well-constrained either since CGM Lya is 
usually saturated, creating some uncertainty in absorber 
metallicity. This small sample was chosen for observation 
by the GTOs in the first three years of COS operation. 
The observational details of the individual sight lines, 
their absorber detections and photo-ionization modeling 
of t he absorbing gas can be found in a companion pa- 
per (|Keenev et all 120131 Paper 2 hereafter). Section 2 
summarizes these targets and observations. 

In Section 3 we present the analysis of a serendipi- 
tous sample of QSO / galaxy pairs, again focusing on those 
sight lines which pass within the virial radius of a fore- 
ground galaxy. In this case we have used the sample of ~ 
500 Lya absorbers with Nm > 10 13 cm -2 (hereafter all 
column densities are quoted in cm -2 ) found in the high- 
resolu tion STIS FUV spectra of QSOs (IDanforth fc Shulll 
120081 DS08 hereafter). Since none of these QSOs was 
chosen for observation due to the presence of a fore- 
ground galaxy, all QSO/galaxy pairs found in this sam- 
ple are serendipitous. Galaxy catalogues compiled from 
large-angle spectroscopic surveys of galaxies (e.g., SDSS 
and 2dF) were cross-correlated with the STIS sight line 
locations to find ~ 700 galaxies < 1 Mpc from these sight 
lines and foreground to the QSO. Because the serendip- 
itous absorber sample was required to have both STIS 
and Far Ultraviolet Spectroscopic Explorer (FUSE) spec- 
troscopy, information on O VI absorption in CGM clouds 
is available in most cases. FUSE spectra also yield cover- 
age of the higher-order Lyman lines and thus to curve-of- 
growth Vhi values; photo-ionization models have been 
constructed for some of these absorbers in the litera- 
ture (e.g., Tripp et al. 2002; Tumlinson et al. 2005). 
New modeling of the serendipitous absorbers with sev- 
eral metal- line detections are presented in Paper 2. A 
summary of results of the photo-ionization modeling of 
the metal-line absorbers in both the serendipitous and 
targeted samples is presented in Section 4. 

Some new results on O VI absor bers will also b e pre - 
sented in Sections 3 and 4. Since IStocke et al.l (2006) 
used these same absorber and galaxy samples to inves- 
tigate the galaxy environment of O VI absorbers, this 
paper will not add much new information to what has 
already been published previously. Rec ent work on O VI 
absorber s bv iProchaska et al.l (|2011a|) finds similar re- 
sults to IStocke et al.1 (|2006| ) in closely associating the 
majority of O VI absorbers with sub-L* galaxies, but 
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Table 1 

Summary of HST/COS Observations 



Target 


^em 


Grating 


Obs. Date 


^cxp 

(s) 


F\ h 
(FEFU) 


(S/N) c 


1ES 1028+511 


0.360 


G130M 


2011 May 01 


14652 


3.1 


21 






G160M 


2011 May 10 


14607 


2.3 


13 


1SAX J1032. 3+5051 


0.173 


G130M 


2011 Oct 15 


11387 


1.2 


13 






G160M 


2011 Oct 23 


11342 


0.8 


8 


FBQS J1010+3003 


0.256 


G130M 


2011 May 19 


10797 


3.1 


18 






G160M 


2011 May 21 


10752 


■1.6 


11 


HE 0435-5304 


0.425 


G130M 


2010 Apr 13 


8373 


2.5 


15 






G160M 


2010 Apr 13 


8936 


2.0 


11 






G285M 


2010 Mar 31 


4286 


0.9 


2 


HE 0439-5254 


1.053 


G130M 


2010 Jun 10 


8403 


4.6 


17 






G160M 


2010 Jun 10 


8936 


4.1 


12 






G285M 


2010 Mar 28 


4316 


2.2 


4 


PG 0832+251 


0.330 


G130M 


2011 Apr 19 


6135 


4.2 


16 






G160M 


2011 Apr 19 


6758 


2.1 


14 


PMN J1103-2329 


0.186 


G130M 


2011 Jul 05 


13342 


2.4 


20 






G160M 


2011 Jul 06 


13297 


1.9 


12 


RX J0439. 6-5311 


0.243 


G130M 


2010 Feb 07 


8177 


1.3 


19 






G160M 


2010 Feb 07 


8934 


3.1 


11 






G285M 


2010 May 26 


4286 


1.1 


2 


SBS 1108+560 


0.767 


G130M 


2011 May 12 


8388 


0.2 


16 






G160M 


2011 May 12 


8850 


4.8 


14 


SBS 1122+594 


0.852 


G130M 


2010 Nov 07 


9875 


2.3 


14 






G160M 


2010 Nov 07 


10462 


2.9 


13 






G285M 


2010 Nov 08 


10048 


2.0 


6 


VII Zw 244 


0.131 


G130M 


2009 Sep 24 


8866 


8.4 


31 






G160M 


2009 Sep 24 


6349 


6.9 


18 



a The emission line redshift of the QSO as listed in the NASA Extragalactic Database 
(NED), except for HE 0435-5304, whose redshift (z = 0.425) was measured from its 
coadded COS spectrum (NED lists z = 1.231 for this QSO). 

b Continuum level as measured at 1250, 1550, and 2800 A in the coadded G130M, 
G160M, and G285M spectra, respectively. Flux levels are listed in femto-erg flux 

units (FEFUs), where 1 FEFU = 10 -15 ergss -1 cm -2 A -1 . 

c Median signal-to-noise ratio per resolution element in the grating passband, as 
measured by rms continuum deviations in the coadded spectra. 



both studies include only modest-sized absorber sam- 
ples, which largely overlap. Due to its high ionization 
state and its large /-value, O VI 1032 A is a sensitive 
probe of very diffuse photo-ionized gas (U > IP" 1 - 5 or 
over-densities A & < 30; lDave et al.lll999t[Schavil2001l) or 
collisionally-ionized gas at T > 10 5 K. As such it provides 
our current best estimates for the spread of metals away 
from galaxies: ~ 800 kpc from L* galaxi es and ~ 450 kpc 
from 0.1 L* galaxies ()Stocke et al.ll2006T ) . However, all of 
these O VI results are based on quite small sample sizes 
which will be enlarged soon using COS spectra. O VI 
absorption shifts into the COS band at z > 0.12, which 
requires much deeper galaxy survey work than what is 
used here to further constrain the spread of metals. 

The GTO team is in the process of cataloguing all in- 
tervening Lya and metal-line absorbers (especially O VI) 
in COS GTO spectra (C.W. Danforth et al., in prep) 
as well as conducting a wide and deep galaxy survey 
around each GTO sight line (B.A. Keeney et al., in prep). 
Therefore, in Section 4 of this paper we combine the 
COS GTO "targeted" QSO/galaxy sample with a STIS- 
defined "serendipitous" QSO/galaxy sample to obtain 
a first look at CGM clouds, their physical properties, 
masses and uncertain kinematics. 

In Section 5 we discuss the implications of these results 
for the baryon census in spiral galaxies and galaxy groups 
and for galactic chemical evolution. We also present 
the prospects for a better understanding of the CGM of 
nearby galaxies which will be possible when all currently 



available COS UV spectroscopy (GTO spectra as well as 
those of HST GOs [Guest Observers]) has been fully ana- 
lyzed and when detailed foreground galaxy spectroscopy 
near all COS sight lines has been completed. The Sum- 
mary Section lists our most important results. 

Throughout this paper we use the standard cosmolog- 
ical model with H = 70.4 k ms" 1 Mpc" 1 , ft A = 0.727, 
0, m = 0.273, and Q h = 0.0455 (jLarson et al.ll2011l) . 

2. THE COS GTO QSO/GALAXY "TARGETED SURVEY" 

With a portion of the orbits allocated to the COS GTO 
Team, we have conducted a modest-sized survey of the 
CGM of very nearby, late-type galaxies. These observa- 
tions were planned so as to obtain a peak signal-to-noise 
ratio (SNR) ~ 15-20 per resolution element of 18 km s _1 . 
For each target both a G130M and a G160M exposure 
were obtained (see Table 1 for observing log). We limited 
the total exposures at the high end to avoid a re-pointing 
due to the South Atlantic Anomaly. A few targets were 
observed with the G285M grating for 1-2 orbits only to 
determine whether strong Mg II absorption was present 
as might be expected for higher iVm systems. None were 
detected. Because of the very low-z of the foreground 
galaxies targeted, the expected location of Lya is close 
to the peak of the COS detector + grating sensitivity. 
The low redshift of the target galaxy also keeps the C IV 
doublet in a G160M spectral region of relatively high sen- 
sitivity Thus, good measurements of line strengths have 
been obtained in all cases for the low and high metal ions 
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so that viable photo-ionization models of CGM clouds 
can be well-constrained. However, by targeting the CGM 
of very low-z galaxies, only one transition of the Lyman 
series is present in the COS bandpass which makes H I 
column densities uncertain. Because the important O VI 
doublet is absent from the observed bandpass, photo- 
ionization modeling of the absorbing clouds depends on 
either Si II, Si III and Si IV, or C II and C IV. A sum- 
mary of the -HST/COS observations in the GTO pro- 
gram on QSO/Galaxy Pairs is shown in Table 1. A com- 
panion paper (Paper 2) will present more details of the 
observations, data analysis and photo-ionization model- 
ing of these absorbers. For a specific example of the 
data handling and analysis and the detailed procedure 
for the photo-ionization modeling of these CGM clouds, 
see the description of the thr ee sightlines surrou nding 
the low-*: galaxy ESO 157-49 (jKeenev et al.ll2012f l. All 
observations for this program except one were success- 
ful in obtaining excellent spectra near the planned SNR. 
Despite obtaining GALEX near- and far-UV fluxes for 
SBS 1108+561, a previously undetected Lyman limit sys- 
tem partially obscured Lya and Si III 1206 A at the red- 
shift of the foreground galaxy M 108 (i.e., SNR at Lya 
and Si III are much less than the value in Table 1). But 
various metal lines were detected at M 108's redshift (see 
Table 2), so a detailed analysis of the two absorption sys- 
tems associated with M 108 was still possible. 

2.1. The Sample of "Targeted" QSO/Galaxy Pairs 

The basic information on the COS GTO QSO/Galaxy 
Pairs sample is shown in Table 2. These QSO tar- 
gets were chosen to be bright enough to provide excel- 
lent peak SNR » 15-20 spectra to probe the CGM of 
a variety of galaxy luminosities at L < L* and types 
within the general category of star-forming galaxies. One 
0.2 L* gal axy (ESO 157-49) ha s three bright QSO targets 
around it (jKeenev et al.ll2012l ). One of these three QSOs 
(HE 0439-5254) provides a sight line past the major 
axis of a higher redshift, higher luminosity (L — 0.5 L*) 
spiral, ESO 157-50. Both of these galaxies have only 
weak Ha emission indicating very modest star formation 
rates (SFRs < 1 A^yr -1 ). Another low-SFR object, a 
dwarf galaxy at < 0.01 L*, SDSS J103108.88+504708.7, 
has its halo probed by two lines-of-sight at two differ- 
ent impact parameters. These same two QSO sight lines 
(1ES 1028+511 and 1SAX J1032.3+5051) also probe the 
0.01 L* dwarf Magellanic spiral UGC 5740 at signifi- 
cantly larger impact parameters (0.6 and 0.9i? v ; r ). The 
remaining galaxies are probed by single sight lines and 
include a few late-type galaxies with much higher SFRs. 
Three modest starburst galaxies (M108, NGC 3511 and 
NGC 2611) are probed along their minor axes, while one 
star-bursting dwarf, IC 691, had a pre viously-detected 
metal- line absorber (jKeenev et al.ll200"6l ) close to its mi- 
nor axis, which we re-observed with COS. The very low 
surface brightness (LSB) galaxy UGC 4527 with a very 
low SFR (< 0.001 M & yr _1 ) rounds out the sample. As- 
sociated FUV absorption has been found in every case 
and H I + metal absorptions definitely were detected 
in most (10 of 17) cases. One clear Lyman limit sys- 
tem (log Ah i = 18.39 ± 0.06) was found along the mi- 
nor axis of NGC 2611; otherwise the metal-bearing ab- 
sorbers have stronger detections of higher ionization lines 



like Si IV and C IV. Where lower ionization metal lines 
were detected, C IV is generally stronger than C II 
and/or Si III is stronger than Si II. Only one target 
(PG 0832+251) possesses a FUSE spectrum which de- 
tects Ly/3 and O VI 1032, 1038 A. 

While this sample was chosen to investigate the CGM 
gas around late-type galaxies, including galaxies with 
a variety of luminosities, morphologies and SFRs, it 
is neither a complete nor an unbiased sample. Sev- 
eral QSO targets were selected for observation due to 
being projected close to the minor axis of a moder- 
ately star-bursting, disk galaxy. In these cases the disk 
galaxy geometry and the sign of the absorber /galaxy ve- 
locity difference allowed the determinatio n of whether 
the a bsorber is infalling or outflowing gas (jStocke et al.l 
120101 ). Of the three Lya-only absorbers in the HE 0435- 
5304 sightline, two are constrained to be outflow- 
ing a nd one infalling onto ESO 157-49 (|Keenev et al.l 
120121) . The absorber associated with NGC 3511 in 
the PMN Jl 103-2329 sightline is constrained to be in- 
falling, consistent with its low metallicity (~ 15% so- 
lar; see Section 4.3). Both PG 0832+251/NGC 2611 and 
SBS 1108+560/M 108 have absorbers whose radial veloc- 
ities bracket the galaxy redshift, with the higher redshift 
aborbers being infalling gas (Paper 2). The absorber in 
SBS 1122+594 is likely outflowing from the dwarf star- 
burst IC 691 but the extinction pattern in the galaxy is 
too patchy to be certain of its orientation. 

Table 2 contains the following information about this 
sample: (1) name of the QSO target; (2) name of the 
nearby galaxy whose CGM is probed; the heliocentric 
recession velocities of the absorber (±10-15 kms -1 ; av- 
erage of all species detected) in column (3) and the galaxy 
(±5-10 kms -1 ) in column (4); (5) the impact parame- 
ter (p) scaled to kpc assuming a pure Hubble flow 
for galaxy recession velocities; (6) the orientation of the 
QSO sight line on the sky relative to the galaxy's major 
axis measured counter-clockwise on the sky (i.e., 0° and 
180° are along the major axes while 90° and 270° are 
along the minor axes). No entry in this column means 
that the nearby galaxy has no well-defined major axis; 
(7) total B-band galaxy luminosity in L* units, from 
SDSS model magnitudes where available, otherwise from 
galaxy magnitudes supplied in the NASA Extragalactic 
Database (NED); (8) the logarithm of the absorber neu- 
tral hydrogen column density in cm -2 ; (9) impact pa- 
rameter in units of the virial radius (i? v ir defined by two 
different scaling relations; see Section 3.1) and (10) the 
absolute value of the absorber/galaxy velocity difference 
(|Au|) in units of the escape velocity (v csc ) determined 
at the ob served impact param eter using the galaxy mass 
model of [Salucci et al.l (|2007l see Section 3.1 for further 
discussion). The range of values quoted in columns (9) 
and (10) refer to the two different definitions of i? v h- de- 
scribed in Section 3.1 below. As with the impact pa- 
rameter, column (10) reports the minimum of the 3D 
value of this quantity; it is partially correlated with the 
value of the impact parameter through the value of v eS c- 
Column (11) lists detected metal line absorption seen in 
conjunction with this absorber. As shown in Table 2, 
most of the galaxies probed are sub-L* but range from 
< 0.01 L* to nearly L* with impact parameters ranging 
from 0.1-1 i? v i r in projection. 



Table 2 

Targeted CGM Absorber Sample 



Target 


Galaxy 






P 




igal 


logJV H i b 




|Au|/t)esc 


Associated Metals 






(kms" 1 ) 


(kms" 1 ) 


(kpc) 


(deg) 


(L*) 












1ES 1028+511 


UGC 5740 


728 


649 


90 




0.007 


I3.50±°;il 


0.98-1 


.68 


1.2-2.7 


none 


1ES 1028+511 


SDSS J103108. 88+504708.7 


961 


934 


25 


-57 


0.008 


17 iii +0.22 
1( - zl -3.20 


0.26-0 


.16 


0.24-0.50 


Civ? 


1SAX J1032. 3+5051 


UGC 5740 


716 


649 


65 




0.007 


J--*-"' -0.52 


0.71-1 


.21 


0.89-2.0 


none 


FBQS J1010+3003 


UGC 5478 


1384 


1378 


48 


89 


0.011 


17 70+011 


0.47-0 


.83 


0.061-0.14 


none 


HE 0435-5304 


ESO 157-49 


1509 
1635 
1710 


1673 


172 


245 


0.16 


13.76 + 0.12 
13.91+°?? 


0.99-1 


.73 


1.4-3.1 
0.31-0.73 
0.31-0.71 


none 
none 
none 


HE 0439-5254 


ESO 157-49 


1662 


1673 


93 


-6 


0.16 


14.38+^ 


0.54-0. 


.94 


0.069-0.15 


Civ, Sim/iv 


HE 0439-5254 


ESO 157-50 


3849 


3874 


88 


177 


0.53 


14.04+°;°! 


0.40-0. 


.60 


0.11-0.19 


Civ 


PG 0832+251 


NGC 2611 


5227 
5425 


5226 


53 


93 


0.63 


18.451°;" 

15 01 + 2 - 29 
10.U1_Q.24 


0.23-0 


.34 


0.004-0.006 
0.71-1.2 


many low + high ions 
Cii/iv, Siii/m/rv 


PMN J1103-2329 


NGC 3511 


1194 


1114 


112 


97 


0.88 


14 51+ 3 ' 71 


0.46-0 


.65 


0.34-0.54 


Civ, Sira/iv, Nv? 


RX J0439. 6-5311 


ESO 157-49 


1671 


1673 


74 


149 


0.16 


14 41+0-12 


0.43-0. 


.75 


0.012-0.025 


Civ, Sim/iv 


SBS 1108+560 


M 108 


665 
778 


696 


20 


-81 


0.64 


14 ^ 2 + 4 - 04 
14.dZ_ 22 

14.20i 3 9 2 9 2 


0.09-0. 


.13 


0.087-0.14 
0.23-0.36 


many low + high ions 
Civ, Sim/iv 


SBS 1122+594 


IC 691 


1204 


1204 


32 


129 


0.091 


17.7ll°;i 


0.21-0. 


.37 


0.000-0.000 


Cii/iv, Sim/iv 


VII Zw 244 


UGC 4527 


712 


721 


7 




0.003 


17.75+.°;" 


0.09-0. 


.15 


0.074-0.13 


Cii/rv, Sin/ni/rv 



Note. — Column densities are given in units of cm -2 . 
a The position angle of the QSO sight line with respect to the galaxy's major axis: rfr = PA(QSO) — PA(gal). 

b Hi column density as determined from Voigt profile fits to the Lye? line. Details of the fitting method can be found in Kecncy ct al. (2013). 
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While details of the spectral analysis, line identifica- 
tions, and photo-ionization modeling are presented else- 
where (Paper 2), a summary of these results are de- 
scribed in Sections 4.3 and 4.4. Examples of our de- 
tai led photo-ioni z ation method and its results are given 
in IKeenev et al.l ([2012) for the three sightlines around 
ESO 157-49. Nine of the 17 CGM absorbers found in 
these sight lines contain metals with \og{Z / Zq) w — 1 
to where photo-ionization modeling is possible. We 
were surprised to find similar, high-ionization absorbing 
gas associated with most of the galaxies in our targeted 
sample. 

3. THE STIS "SERENDIPITOUS" QSO/GALAXY SURVEY 

3.1. The Absorber and Galaxy Samples 

The 35 STIS sight lines used to define our "serendip- 
itous" absorber sample are as presented in DS08. The 
STIS sample includes very bright FUV targets possess- 
ing both high resolution 7 kms" 1 , moderate SNR ~ 5- 
15 STIS E140M spectra and also FUSE ~ 20 kms" 1 
FUV spectra. DS08 analyzed 650 Lya lines, and nu- 
merous associated metal-lines spanning ionization states 
from C II to O VI; see DS08 for details concerning the 
line identifications of H I, Si III, C III, Si IV, C IV and 
O VI, analyses of absorber systems, etc. The lower ion- 
ization detections and Lyman limit decrements associ- 
ated with these absorbers were added after DS08 (C.W. 
Danf orth, private communication; see also iTilton et al.l 
l2012f) . Absorbers in the serendipitous sample have higher 
Lyman series lines as well as O VI lines detectable; i.e., 
O VI falls within the higher sensitivity regions of the 
FUSE detector providin g detections at log N o v^ > 13.2 
(|Danforth fc Shulll l200l IStocke et al.l 120061) where un- 
obscured by Galactic absorption lines. In the current 
study we have used only those ~ 500 Lya absorbers 
with logA^Hi > 13.0 (W\ > 54 mA), an absorber equiv- 
alent width detectable in all 35 STIS spectra (DS08) . 
It has been known for some time (jLanzetta et all [1995; 
iChen et al.lll998l ) that a loose correlation exists between 
Lya equivalent width and nearest galaxy distance (see 
also iDave etldl I1999D and so the higher column den- 
sity absorbers are more likely to be CGM clouds. Also 
iPenton et all (|2002f ) found that at W x < 54 mA an in- 
creasingly larger percentage of Lya absorbers are found 
in galaxy "voids" , > 3 Mpc from the nearest known 
galaxy. 

The sample of ~ 700 galaxies at < 1 Mpc from 
these 35 sight lines is derived from a combined galaxy 
database wi t h > 1 million entries last described in 
IStocke et al.l (|2006f ). where it was used to investigate 
the galaxy environments of nearby O VI absorbers dis- 
covered by FUSE. Two major changes have occurred 
since that last use in 2 006: SPSS DR4 has been re- 
placed with SDSS DR8 (jEisenstein et al.ll201lD and nu- 
merous galaxies ne ar several of the s e sight lines have 
been ca talogued in IProchaska et alj (|2011bT ) and ana- 
lyzed in IProchaska et al.l (|2011af ). Details of the galaxy 
rcdshi ft database can b e found in IStocke et al.1 (2006) 
and IPenton et alj (|2004f) . 

Even a po i nted su rvey fo r galax ies as conducted by 
IMorris et all (|1993l ). iMcLinl (|2003l ). or IProchaska et all 
( 201ibtt has difficulties defining a completeness limit 
given that both a limiting magnitude for galaxies sur- 



veyed for redshifts as well as a maximum angular size 
scale for target completeness must be defined. In this 
regard, both very nearby and very distant absorbers 
present distinct challenges. For distant absorbers faint 
limiting magnitudes (e.g., r = 19-20 for the above stud- 
ies) require many galaxies to be surveyed with > 90% 
completeness percentages at faint apparent magnitudes 
(percentage of galaxies at each magnitude limit for which 
redshifts are obtained). Further, faint galaxies are prone 
to misclassification. The percentage of stars observed 
by mistake increases with magnitude at least to r ~ 22 
and more galaxies are not targeted due to misclassifi- 
cation at fainter magnitudes. However, even relatively 
bright galaxies can be misclassified; e.g., a 17 t/l mag- 
nitude galaxy found to be the only one nearby to the 
strongest Lya absorb er in the FUV spect rum of 3C 273 
was misclassified by IMorris et al.1 ([1993) and only ob- 
served after a different galaxy c lassifier was used to iden- 
tify this object as a galaxy ( see IStocke et al.ir2004f ). Fur- 
ther, in a pointed survey care must be taken to ensure 
that no galaxies are missed for observation either by be- 
ing too close on the sky to another targeted galaxy or be- 
cause a galaxy falls in a sky area in between multi-object 
mask setups. In this respect large- angle galaxy surveys 
like SDSS and 2dF are excellent resources for this work 
simply because they have fewer edges to the surveyed 
areas. Also, in the absence of SDSS and/or 2dF some 
pointed surveys have too small a field-of-view to obtain 
complete galaxy survey spectra out to a 1 Mpc radius 
from a very low-z absorber. Therefore, a combination of 
SDSS and/or 2dF with a deeper, pointed survey is ideal, 
a process in which we are now engaged for all COS GTO 
sight lines (Keeney et al., in prep.). 

For this survey we have used only those regions com- 
plete to well-defined apparent r-band magnitude lim- 
its in a circle around the sight-line of radius at least 1 
Mpc at the absorber's Hubble flow distance. For any 
absorber/galaxy association to be used statistically, the 
galaxy's luminosity must be greater than the complete- 
ness luminosity at its distance; i.e., a bright galaxy iden- 
tified as associated with an absorber is the closest at its 
luminosity or higher. In this way each potentially associ- 
ated galaxy with L ga i creates its own complete sample if 

all galaxies within 400 kms -1 and 1 Mpc of the absorber 
that have L > L ga \ have been observed and redshifts ob- 
tained. Only galaxy samples defined by this procedure 
are used for statistical purposes. To address some ques- 
tions, an even more restrictive sample is used: absorbers 
located in regions completely surveyed for galaxies to 
< 0.15 L* (see Section 4). 

In order to investigate absorber/galaxy associations for 
galaxies of differing luminosities, three luminosity bins 
are defined: (1) luminous super-L* (L > L*) galaxies; 
(2) sub-L* galaxies (L = 0.1-1 L*) and (3) dwarfs at 
L < 0.1 L*. Closest galaxies to absorbers are deter- 
mined for each luminosity bin given the completeness 
constraints ju st described. We have us ed the same lumi- 
nosity bins as IProchaska et all (|2011aD to facilitate easy 
comparisons. For the same reason, we have c hosen the 
same "retarded velocity" as Prochaska et al. (2011a) of 
±400 kms~ , slightly greater than the value we have 
used previously (±300 kms' MPenton et al.ll2002l ). This 
choice means that if |At?| = |t» a b s — f ga i| < 400 kms -1 , 



Stocke et al. 



the absorber and galaxy are assumed to be at the same 
radial distance from us. This value is only slightly greater 
than the rotation speed of a massive galaxy. If \Av\ > 
400 km s~ , a radial distance defined by the Hubble flow 
is assumed and the galaxy quickly attains a 3D space 
distance > 1 Mpc fr om the absorber by this formula- 
tion. As r eported in IPenton et al. (|2002D . iStocke et al.l 
(|2006f) and IProchaska et al.l ( 2011a ). the exact choice of 
retarded velocity does not change the statistical results 
of this work. However, it is important to note that the 
galaxy recession velocities used in this study come from 
a variety of sources and, therefore, have a variety of ac- 
curacies; e.g., ±10 kms -1 if from H I 21-cm emission 
profiles; ±30 kms^ 1 if from SDSS or IProchaska et al~l 
(|2011aD : and up to ±80 kms -1 if from low-resolutio n 
spectroscopy obtained some time ago (e. g. . !McLm1 f2003) . 

Given the heterogeneous nature of the database, the 
magnitudes for galaxies also have some variation in accu- 
racy and precision. Comparing magnitudes for the same 
galaxy from different sources, we find a ~ 0.2 mag. In 
other cases magnitudes must be converted from a differ- 
ent color using transformations (e.g., B = (g + 0.1) + 
1.2 (q — r) fo r SPSS model magnitudes) as described in 
IPenton et al.l (I2002T) . The CfA g a laxy luminosity func- 
tion of iMarzke. Huchra. fc Gellerl (|1994f ) is adopted and 
sets B* = —19.57. Given the low-z of our sample we 
make no evolutionary or K-correction to galaxy lumi- 
nosities. 

Lacking spatially-resolved spectroscopy for all these 
galaxies, we infer total halo masses from galaxy lumi- 
nosities only and then calculate a virial radius as a phys- 
ical quantity determined by luminosity alone. However, 
when the theoretical definition of the virial radius is 
folded through the Tully-Fisher relationship (i.e., mass- 
to-light ratio as a function of luminosity), i? v j r is ex- 
pected to increase quite slowly with galaxy luminosity 
(i.e., i? v ir ~ L 3 ), so that any uncertainty in galaxy lumi- 
nosity does not create a large uncertainty in virial radius. 
Also, the exact value of the virial radius is only indica- 
tive of the region over which the gravitation of a galaxy 
dominates the dynamics of gas clouds in its vicinity. The- 
oretical models suggest that the CGM extends to ap- 
proximately the virial radius (i? v ir) and is enriched with 
meta l s by supernova-driven galactic winds (|Stinson et al.l 
l20ll Ivan de Voort fc Sdiavel 12011) . which may or may 
not escape the galaxy's gravitational potenti al (escaping 
winds are more likely for low mass galaxies; iCote et al.1 
I2012D . Therefore, we have used i? v ir to distinguish CGM 
from IGM absorbers (see additional support for this 
statement in Section 3.2 below) and to place all CGM 
clouds into a context close to scale-free with respect to 
galaxy mass. 

We have investigated two different prescriptions for 
virial mass and radius as a funct i on of g alaxy luminosity 
for this paper. IProchas ka et al.l ()2011al ) used an expres- 
sion for the virial radius of a galaxy based on its lumi- 
nosity L/L*: 



R vil = 250 (L/L*) - 2 kpc 



(1) 



Halo Abundance Matching (B-band) 

Halo Abundance Matching (R-band) 
Prochaska et al. (201 1 a) Scaling (R-band) 
Tully-Fisher Relation (B-band) 

Minimum M/L Ratio Adopted (B-band) 



-1 
log (L/L*) 



Compared to the other estimator of virial mass and 
i? v ir used herein, Equation (1) yields larger dynamical 
masses and virial radii. Adopting a "halo matching" 



Figure 1. Comparison of various galaxy mass models as a func- 
tion of galaxy luminosity alone. The primary mass model used 
in th is paper is based on a "halo-matching" scheme IITrenti et al.l 
1201011 in which a simulated h alo abundance is matched to the B- 
band luminosity function of Marzkc ct al. (1994). At L > L* 
the halo-matching returns enormous masses because individual ha- 
los encompass many galaxies. The green line labeled "Minimum 
M/L Ratio" departs from the halo matching above L = 0.2 L* , 
where the number of galaxies per halo begins to rapidly increase 
IIMoster ct al. 201(J). We adopt this hybrid prescription for virial 
mass and radius, altho ugh the scaling based on Equation (1) 
UProcha ska ct al. 2011a) is used on occasion to check the sensi- 
tivity of the results to these assumed prescriptions. 

scheme w hereby an observed galaxy luminosity func- 
tion (e.g., IMarzke et all 119941 : IMontero-Dorta fc Pradal 
120091 ) i s matched with the the oretical halo mass func- 
tion of iSheth fc Tormenl (|l999), somewhat smaller val- 
ues of total halo mass and i? v ir are obtained. Com- 
parisons between various estimators of halo mass and 
virial radius are shown in Figure 1, where Equation (1) 
is shown as a blue line and the observed Tully-Fisher 
relationship of iMever et al.l (|2008| ) is shown in red. In 
black and yellow lines are resul t s from the halo matching 
schemes for the IMarzke et al.l |l994) B-band luminos- 
ity ftmcH£n_aiid_Jhfi_SJDSS r-ba nd luminosity function 
of IMontero-Dorta fc Pradal ()2009f ). respectively. In both 
cases a faint-end slope of a = —1.25 is assumed to in- 
clude LSB galaxies. A f ourth physical size scaling of L 0A 
has been advocated by iChen. Lanzetta fc Webbl ()200lD 
based only on a minimization of the spread in the ob- 
served broad correlation between W\(Lya) and impact 
parameter. While each different scaling finds different 
fiducial radii for different luminosity galaxies, some scal- 
ing seems appropriate to compare the CGMs of different 
luminosity/halo mass galaxies. 

For the halo matching schemes, L > L* galaxies are 
matched with much larger halo masses than either of the 
scaling relations shown in Figure 1 because these mas- 
sive halos now encompass entire small groups of galax- 
ies. Halos with associated stellar luminosities L > 0.2 L* 
contain an increasing number of galaxies (Moster et al. 
2010). Due to this multiplicity effect and in order to 
make a more accurate association between galaxy lumi- 
nosity and mass we use the halo-matching approach be- 
low 0.2 L* and assume a constant mass-to-light ratio (50 
in solar units) above that point (green curve in Figure 1). 
-^haio/igai = 50 Mq/Lq is also the mini mum value of 
this quanti ty predicted by halo matching ()Moster et al.l 
120101 12012D . Below 0.2 L* the halo mass-to-stellar light 
ratio of smaller galaxies rises significantly, as has been 
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noted in several studies (e.g.. iPeeples fc Shankarll2~011l ). 

In this paper we adopt the halo masses and virial radii 
defined by the green line in Figure 1, a "halo match- 
in g" with the C fA L?-band galaxy luminosity function 
of IMarzke et al.l (|1994fl with a = -1.25. Steeper faint- 
end slopes to the luminosity function bring the results of 
the halo matching technique into close agreement with 
Equation (1) near L* but fall below these scalings (i.e., 
Tully-Fisher and Prochaska et al. 2011a) at L < 0.2 L*. 
Two differences compared to Equation (1) are noted: (a) 
the values of the halo mass and i? v ir at L* are ~ 20% 
smaller than Equation (1) and (b) the difference between 
these two models increases below L* down to ~ 0.01 L*. 
For the present work this means that Equation (1) and 
the halo-matching result represent likely extremes in es- 
timating halo masses and virial radii from total galaxy 
luminosities. While we have used both prescriptions to 
analyze the STIS serendipitous absorber-galaxy sample, 
in the discussion below we will present results based on 
the halo-matching technique, commenting on any differ- 
ences which occur if Equation (1) is used. 

Because the esc ape velocity is calculated using a 
iSalucci et afl (|2007t l mass model in which the total halo 
mass determines a core radius, the escape velocities in 
Tables 2-5 also depend on the adopted model from Fig- 
ure 1. While an NFW p rofile is somewhat "cuspier" than 
the lSalucci et al.l (|2007f l model we have assumed, this dif- 
ference has little effect because we do not probe either the 
targeted or serendipitous absorber host galaxies at small 
enough impact parameters that the cusp/core difference 
is noticeable. And, because the galaxy density profile is 
truncated at the virial radius so that the galaxy mass 
doesn't exceed the halo mass, at p > R„i r there is a Ke- 
plerian fall-off in v csc . Very few absorbers are affected by 
this assumed mass truncation. 

For the galaxy sample we find that our three lumi- 
nosity bins (super-L*, sub-L* and dwarfs) have median 
luminosities of (2.0, 0.45, 0.03) L* and, from the halo 
matching, median halo masses and virial radii of (10 118 , 
lO 112 , 10 10 - 3 ) M Q and (230, 140, 70) kpc, respectively. 
For comparison, based on equation (1), the median virial 
radius values for the three luminosity bins are (285, 215, 
125) kpc. The Milky Way has an estimated B-band lu- 
minosity midway between the median luminosities for 
the super-L* and sub-L* samples; i.e., for our Galaxy 
the two prescriptions yield i? v ir = 230 kpc and 170 kpc 
from Equation (1) and from the hybrid halo- matching 
formalism, respectively. In general, these values should 
be taken as indicative in defining the extent of the CGM. 

3.2. CGM vs. IGM Absorbers 

In Figure 2 we show the cumulative distribution func- 
tion (CDF) of projected nearest-neighbor distances for 
the sample of L > L* galaxies within 1 Mpc of Lya ab- 
sorbers. While there are many more super-L* galaxies in 
the full database (203) than are shown in this plot, the 
others are missing for good reasons. Thirty-four galaxies 
are > 1 Mpc from any absorber, an even larger num- 
ber of galaxies (83) are not included due to having an- 
other super-L* galaxy closer, and 12 are not in regions 
surveyed at least to L* completeness. None of these are 
plotted in Figure 2 leaving a total of 74 galaxies as "hits" 
(> L* galaxies with an absorber within 1 Mpc) and 34 
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Figure 2. Cumulative distribution function of absorber-galaxy 
distance for the super-L* galaxy sample with < 1 Mpc absorber- 
galaxy separation. The "hits" are absorbers < 1 Mpc from lumi- 
nous galaxies while the misses are luminous galaxies < 1 Mpc from 
the sight line with no absorber present at \t\v\ < 400 kms - 1 . The 
blue line shows the expectation for a random placement of galaxies 
relative to the sight line. Sample numbers are shown at upper left. 

as "misses" (> L* galaxies with no absorber within 1 
Mpc). The nearest galaxy distance CDFs for the sub-L* 
and dwarf galaxies are similar in shape to Figure 2 when 
scaled down in distance due to their smaller virial radii 
(see discussion below) but contain fewer absorber/galaxy 
pairs in each sample. 

The inferences we draw from Figure 2 are: 

1. Most local Lya absorbers (> 80%) are projected 
significantly further from the nearest bright galaxy 
than the estimated virial radius of that galaxy: 
200-250 kpc for L* and 230-285 kpc for 2L*, the 
median luminosity for the sample. Most absorbers 
are found at 2-5 virial radii (median projected dis- 
tance ~ 600 kpc) from the nearest bright galaxy, 
about twice as far as the distance between bright 
galaxies in our sample (Stocke et al. 2006). We 
classify these absorbers as IGM, not CGM, because 
they cannot be assigned unambiguously to a single 
bright galaxy (see further discussion below). 

2. Bright galaxies are more centrally concentrated 
around absorbers than a random distribution 
(probability of this distribution occurring by 
chance is 1 part in 10 11 using the K-S test). On 
the other hand, the "misses" have a CDF consis- 
tent with a random placement relative to the ab- 
sorber. The other luminosity bins exhibit the same 
behavior at lesser but still significant levels. The 
central concentration of the "hits" in Figure 2 sug- 
gests to us that while the relationship between IGM 
absorbers and galaxies is not close, there is a statis- 
tical connection; i.e., both galaxies and absorbers 
trac e the same large-s cale dark matter distrib ution 
(see lDave et al.lll999l and lPenton et al.l 12002] ) . 

3. Only ~ 15% of local Lya absorbers in Figure 2 are 
projected close enough to bright galaxies to be po- 
tentially within the estimated virial radius. Since 
many other galaxies (83 + 34 in the full sample) 
are farther away (despite being in well-surveyed 
galaxy regions) the number of CGM absorbers is 
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Figure 3. Ratio of next-nearest galaxy distance (pnng) t° near- 
est galaxy distance (png) m units of virial radii. The blue curve 
shows the CDF of this ratio for all galaxies < 1 Mpc from the 
sight line while the red curve shows only those galaxies with CGM 
absorbers at p < i? v i r . The median of the blue CDF (blue dashed 
vertical line) shows that for all galaxy-absorber pairs the next near- 
est galaxy is typically only 1.4 times farther away from the absorber 
than the nearest. The red dashed vertical line shows that for CGM 
absorbers the next nearest galaxy is 2.4 times farther away, making 
the identification of a CGM absorber with a specific galaxy more 
unique (see Section 4.1 for further discussion). Sample numbers 
are shown in parentheses at lower right. 

an even smaller percentage of the total. Of course, 
projection effects can only diminish the number of 
CGM absorbers further still. Unfortunately, this 
means that starting with an extremely large sam- 
ple of galaxies around QSO sight lines, only a small 
fraction (~ 5%) are close enough to target sight 
lines to sample the CGM. 

4. Given the "hits" and "misses" in Figure 2, the cov- 
ering factor of warm gas as traced by Lya ab- 
sorption several virial radii from bright galaxies 
is ~ 70%, consistent with previous r esults (e.g., 
iPenton et all 12001 iStocke et al.1 120011 . This re- 
sult is also con s istent with a recent analysis by 
Prochaska et al. (2011a) showing that only a frac- 
tion of local Lya absorbers at logiVni > 13.5 can 
be accounted for as very extended (300 kpc radius), 
fully-covered galaxy CGMs. 

Using this same super-L* sample we can construct the 
CDF for the ratio of next-nearest galaxy distance to near- 
est galaxy distance for each absorber. This new distribu- 
tion (Figure 3) has a median ratio of 1.4, meaning that 
for a typical absorber the next nearest galaxy is only 40% 
farther away in projection from the absorber, making it 
problematical to assign the absorber to any one bright 
galaxy in many cases. Further, many of these same ab- 
sorbers also have lower luminosity galaxies in close prox- 
imity, which are not accounted for in this ratio. Taking 
this result together with the statistics of Figure 2, we con- 
clude that, while most local Lya absorbers are associated 
with galaxies in general, a typical Lya absorbing cloud 
cannot be associated unambiguously with an individual 
galaxy; i.e., the association is rather with galaxy fila- 
ments or gro u ps. T his is the same conc l usion reach ed by 
iMorris et all (|1993D and IPenton et all ([20021 I2004D and 



also t heoretically by IDave et al.l (|199S J. IPenton et al.l 
(2002) found that ~ 20% of all low-z Lya absorbers 



Absorber-Galaxy Distance \p / R vir ] 

Figure 4. Cumulative distribution functions of absorber-galaxy 
distance for the three different luminosity bins used in this paper. 
While there is no strong indication of a difference between these 
three distributions, the statistics for the dwarfs are modest. Sample 
numbers are shown in parentheses at upper left. 



are located in galaxy voids > 3 Mpc from any known 
galaxy; the remaining ~ 80% are located in galaxy fil- 
aments although not so clos e to any one gala xy to be 
considered in its CGM. The IDave et al.l (|1999l ) numeri- 
cal simulations of Lya absorbers exhibit a similar loose 
correlation between Lya equivalent width and nearest 
galaxy distance, a correlation origina lly discovered ob- 
servationally bv lLanzetta et ail (119951) . On the basis of 
their simulations. IDave et al.l (|1999) concluded that this 
observed correlation is consistent with a filamentary ori- 
gin for most local Lya clouds, in agreement with our 
assessment here. 

However, if we restrict our scrutiny to just the poten- 
tial CGM absorbers, the CDF shown in Figure 3 has a 
median ratio of ~ 2.4; i.e., the typical CGM absorber 
has a next nearest neighbor galaxy of comparable size 
^ 2.4 times farther away. For the small subset of Lya 
absorbers that we term the CGM, there is little ambigu- 
ity concerning the galaxy associated with most absorbers 
(but see Section 4.1). 

Figure 4 shows that the CDFs of nearest neighbor dis- 
tances for all three luminosity bins exhibit similar be- 
havior once the modest dependence on galaxy mass is 
removed by scaling the impact parameter to the virial 
radius of each galaxy. In Figure 4 there is a slight ten- 
dency for super-L* galaxies to have a larger percentage 
of CGM versus IGM absorbers near them although this 
difference is not robust. If the Equation (1) scaling is 
used, the difference in the fraction of CGM versus IGM 
absorbers is not statistically different between the three 
luminosity classes, although the number of true dwarf 
CGM absorbers is quite small: 2 of 13 by the halo match- 
ing formalism and 5 of 22 by Equation (1). 

However, a large difference in the column density of 
CGM vs. IGM absorbers is evident in Figure 5 with 
few CGM absorbers present in this sample at log iVn i < 
14.5. On the other hand, 50% of all absorbers with 
log Nsi > 14.5 are CGM, again consistent with Lanzetta 
et al. (1995) and subsequent work by H.-W. Chen (e.g., 
Chen & Mulchaey 2009). Among other things, this re- 
sult means that even COS snapshot spectra (SNR < 5 
per resolution element) will be sensitive enough to de- 
tect CGM absorbers given a sufficient pathlength per 
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Figure 5. Cumulative distribution functions of absorber-galaxy 
distance for different absorber hydrogen column densities including 
galaxies of all luminosities. While there are a few low column 
density absorbers inside the virial radii of galaxies, most of the 
CGM absorbers, and all CGM absorbers at p < 0.5-R v i r , have 
log^jji > 14.5. Nearly half of all high-column density absorbers 
are CGM absorbers. Sample numbers are shown in parentheses. 

spectrum. 

While we take these statistical results as ample ev- 
idence to classify an absorber as CGM if it is closer 
to a galaxy than the virial radius, projection effects 
can only decrease the number of true CGM absorbers. 
Given dAf/dz = 50 per unit redshift for Lya absorbers 
with TVhi > 10 13 , we expect 3-5 projected IGM ab- 
sorbers in our combined targeted + serendipitous CGM 
absorber sample (see Section 4.4). Those absorbers with 
JVhi < 10 14 ' 5 are most likely to be projected IGM ab- 
sorbers misclassified as CGM. An example of this distinc- 
tion is the pair of absorbers detected at very low-z in the 
COS spectra of 1ES 1028+511 and 1SAX J1032.3+5051 
presented in Table 2 (see Paper 2 for a full discussion). 
An absorber in the 1ES 1028+511 sight line is detected 
27 kms -1 and half of a virial radius away from an 
M r « —14.0 post-starburst dwarf galaxy. But absorp- 
tion near this velocity is not detected in the other QSO 
sight line 33 kpc away from the first sight line and at 
~ i? v ir from the dwarf. However, a second absorber at 
| Aw | = 79 kms -1 is detected at comparable equivalent 
width in both sight lines and so is at least 33 kpc in ex- 
tent. We identify the higher column density absorber as 
CGM and the latter (detected twice) as a single projected 
IGM absorber, associated with a large-scale gaseous fil- 
ament in this region. Therefore, while the CGM sample 
must include some projected IGM absorbers, it is likely 
that most of these are at TVhi < 10 14 . 

3.3. The Covering Factor of the CGM and the 
Filamentary IGM in Warm Gas 

In Section 2.1 we found that at least one Lya absorber 
is detected for each galaxy CGM targeted by our COS 
spectra regardless of galaxy luminosity, implying a very 
high covering factor of CGM gas out to approximately 
the virial radius. Low and high ionization metal-line ab- 
sorptions were usually but not always found associated 
with these CGM Lya a bsorbers (10 out of 17 a bsorbers; 
see Table 2). Similarly. iTumlinson et al.l (|201lD found a 
very high covering factor of O Vl-absorbing gas in the 
CGM of a large sample of low-z, L > L* late-type galax- 
ies. However, to avoid any possibility of selection bias in 
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Figure 6. Position angle distribution for targeted (black out- 
lined histogram shaded with back-slashes) and serendipitous (grey 
outlined histogram shaded with forward slashes) CGM absorbers, 
where such data are available through NED. The position angle is 
measured from the galaxy to the absorber relative to the galaxy's 
major axis. Thus, (f> = 0° and 180° are along the major axis 
and <j> = 90° is along the minor axis. QSO/galaxy pairs are plot- 
ted only when a well-defined disk is present, for which position 
angles are quoted in NED or SDSS. Because several of the COS- 
Targetcd QSO/galaxy pairs were selected to be along the minor 
axis, the serendipitous sample is more randomly chosen with re- 
spect to galaxy orientation. 

either our targeted sample or in the SDSS galaxy sam- 
ple of ITumlinson et al.l (|201lD influencing the covering 
factor, we employ the CGM serendipitous sample to de- 
termine covering factors. Evidence for some bias in the 
selection of the COS Targeted Sample is shown in Figure 
6, a plot of absorber location relative to the proximate 
galaxy's major axis. Several of the QSO targets were 
chosen to probe gas along the minor axis of a starburst 
or dwarf starburst galaxy. The subset of serendipitous 
absorbers found near galaxies with good determinations 
of disk position angle on the sky shows no obvious ori- 
entation preference with respect to the nearby galactic 
disk. 

Figure 7 shows the covering factor of Lya absorbing 
gas as a function of projected absorber/galaxy distance 
in units of virial radii for the three luminosity bins used in 
our serendipitous sample. These values were computed 
using the ratio of "hits" to ["hits" + "misses"] where 

"hits" are absorber/galaxy matches within ±400 kms~ 
in radial velocity and within the bin of scaled impact pa- 
rameter on the abscissa. The full list of 172 "hits" comes 
from DS08, while the 147 "Misses" are galaxies within 
each impact parameter bin with no associated Lya ab- 
sorber (i.e, at |cz a bs — cz ga i| = |Au| < 400 kms _1 and 
logA^Hi > 13.0). Because Galactic absorption lines can 
obscure the presence of Lya absorption, we have ex- 
cluded portions of the STIS spectra around the strong 
Galactic absorption lines: S II 1250.6 A, 1253.8 A and 
1259.5 A; Si II 1260.4 A; O I 1302.2 A; Si II 1304.4 A; 
C II 1334.5 A; C II* 1335.7 A; and Si IV 1393.8A and 
1402.8 A. While other strong Galactic absorption occurs 
longward of 1450 A, any Lya obscured by those tran- 
sitions would be at a higher redshift than the z < 0.2 
limit imposed by this survey. Only 10 of 157 "misses" 
are excluded from the sample on this basis. Errors in 
the Figure 7 histo gram are com puted from sample size 
Poisson statistics (|Gehrelslll986f) and are shown as color- 
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Figure 7. The covering fraction (C) of Lya-absorbing gas 
for galaxies of various luminosities, where C = "hits" /["hits" + 
"misses"]. The shaded regions are the Poisson errors for each bin. 
The super-L* and sub-L* samples have statistically indistinguish- 
able covering factor distributions. While the dwarfs appear to have 
somewhat lower covering factors, the statistics are too meager for 
that sample to be certain. 

shaded regions in each bin. 

Given the sizes of the Poisson errors, all three galaxy 
luminosity bins possess similar CGM area covering fac- 
tors as a function of impact parameter once scaled by 
R v ir- Within the virial radius the super-L* and sub- 
L* samples possess covering factors (C) consistent with 
C = 1 for the inner half virial radius and C — 0.75 
for 0.5 < (p/Ryi T ) < 1.0. Because the galaxy sur- 
veys available to us become incomplete for L < 0.1 L* 
at cz > 5000 kms -1 , the covering factor statistics for 
the dwarf sample are poor. So while the covering factor 
around dwarfs may be smaller than for more luminous 
galaxies, the available statistics do not support this con- 
clusion at high confidence; more data are needed. The 
detection of Lya absorption around all five dwarfs in the 
COS Targeted Sample supports a high CGM covering 
factor of Lya absorption for dwarfs within the virial ra- 
dius. 

For our first attempt at modeling the "warm" (T ~ 
10 4 K) CGM gas, based on Figure 7 we will assume that 
super-L* and sub-L* galaxies have the same high values 
of covering factors mentioned above and dwarfs have C = 
0.50 inside the virial radius. 

3.4. The Extent of Hotter Gas around Galaxies 

Since many O VI absorbers are found well beyond 
the virial radii of galaxies, to maximum impact param- 
eters of ~ 3.5 i? v i r (~ 800 kpc f or super-L* galaxie s and 
~ 450 kpc for sub-L* galaxies; IStocke et aLll2006l ). this 
metal-bearing gas must be patchy. Figure 7 shows that 
only ~ 60% of the sight lines that pass through regions 
at 1-4 L w have detec table Lya absorption. From Fig- 
ure 1 in IStocke et all (|2006D only - 50% of these Lya 
absorbers have detectable O VI at these distances for 
a total O VI covering factor of ~ 30%. Once impact 
parameters are scaled to virial radii, there is little differ- 
ence between the covering factors we find for the super- 
L* and sub-L* samples. As with the Lya absorption, 
we are less certain about the dwarfs since the sample of 
O VI absorbers as sociated with dwarfs is very small. Nei- 
ther the previous IStocke et al.l (|2006f) study, the recent 
iProchaska et al.l (|2011al) study nor the current account- 



ing use O VI absorber samples which do not have asso- 
ciated Lya absorption. While indications are that the 
number of such systems are small (DS08) , the nature of 
these O Vl-only absorbers and their relationship to the 
much more co mmon Lya + O VI systems is not yet clear 
(although see lSavage et al.ll2010L and Section 5.1 herein 
for a description of one important O Vl-only system). 

If we assume a near unity covering factor in 
O Vl-absorbing gas around star-forming galaxies of 
all luminosities inside i? v j r (consistent with the new 
iTumlinson et al.l 120111 pointed survey) and a 30% cov- 
ering factor from 1-3.5 i? V j r found here, then a total 
dMjdz 20 per unit redshift int erval for O VI ab- 
sorbers at logiVovi > 13.2 (DS08: iTiiton et al.l 12011) 
can be obtained only if all three galaxy luminosity 
bins contribute sig nificantly to the total cross-section. 
ITumlinson &: Fangj (|2005l ) found a similar result. 

This result differs from the assessment of 
IProchaska et alj (|2011aft who claim that a ~ 100% 
covering factor around sub-L* galaxies out to 300 kpc 
(1.5 to 2 virial radii) can account for all O VI absorbers 
in the low-z universe. The difference between these 
two conclusions appears to be the assumed value of 
the covering factor. While we find no evidence for 
covering factors near unity like IProchaska et al.l (|2011a|) 
assumed, the numbers of absorbers in th ese samples 
are still modest. The IStocke et al.l (|2006l ) sample of 
O VI absorbers in regions surveyed for galaxies to at 
least 0.1 L* contains only 17 Lya absorber data points 
(9 O VI detections and 8 non-detections). Using the 
curre nt galaxy database, which is only slightly enlarged 
from IStocke et al.1 (|2006| ). we have increased the O VI 
sample near sub-L* galaxies to 9 detections and 10 
non-detections with no statistically significant change in 
covering factor from our previous result. A maximum 
spread of metals around galaxies of ~ 3.5i? V i r is also 
confirmed, except that we find one new O VI absorber 
at ~ 5i? v i r (see Section 4.2). Deeper (r ~ 22-23) 
galaxy survey work close to each absorber sight line is 
required to reconcile the somewhat differing conclusions 
concerning O VI absorption. 

4. THE MERGED SAMPLE OF TARGETED PLUS 
SERENDIPITOUS CGM ABSORBERS 

4.1. Defining the Serendipitous CGM Absorbers 

In Table 3 we list the basic properties of the 
close, serendipitous QSO/galaxy pairs obtained from the 
STIS/FUSF QSO sample of DS08 and the combined 
galaxy redshift database. This Table includes all pairs 
in our complete samples (defined in Section 3.1) pro- 
jected closer than 1.5 i? v ir and includes the following 
information by column: (1) Target of the STIS/FUSE 
spectroscopy; (2) Nearest foreground Galaxy probed by 
this sight line; (3) and (4) The recession velocities of 
the absorber and galaxy. While the STIS absorber ve- 
locities are accurate to a few kms -1 , the galaxy veloci- 
ties have poorer and variable accuracies depending upon 
the source of the redshift (see Section 3.1); (5) the im- 
pact parameter of the QSO absorber/galaxy pair in kpc; 
(6) the galaxy luminosity in L* units; (7) the complete- 
ness limit galaxy luminosity in L* units for the galaxy 
redshift survey in and around that sight line at the ab- 
sorber distance; (8) the range of impact parameter val- 
ues in units of the virial radius as defined by the "halo 
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matching" scheme (larger number) described in Section 
3.1 and by Equation (1) (smaller number); (9) the range 
of absorber/galaxy relative velocities in units of the es- 
cape velocity (v csc ) obtained assuming the range of virial 
radii used for the values in column (8). Projection effects 
require that the values in columns (8) and (9) are lower 
limits on the three dimensional galaxy-absorber distance 
and relative velocity in all cases. The galaxy chosen in 
each case as nearest is that object which is the smallest 
number of virial radii away from the absorber (see dis- 
cussion below). The final column lists associated metal 
absorption species detected. 

Notice that there are very few pairs at < 0.5i? v ; r 
but many at 0.5 i? v j r < p < 1.5i? v ir which makes this 
serendipitous sample a good complement to the COS 
targeted sample described in Section 2. Although the 
targeted sample contains very few luminous galaxies, this 
sample contains quite a few (17 at L > L*), again making 
the sum total sample quite diverse with respect to galaxy 
luminosity and impact parameter. These absorbers are 
located relatively isotropically around their nearest as- 
sociated galaxy and at AThi > 10 14 5 as shown in Figure 
6. 

We have included pairs projected out to 1.5 virial radii 
to ensure that we do not miss any potential absorber as- 
sociated with an individual galaxy's CGM because the 
dividing line between CGM and IGM absorbers is some- 
what arbitrary. To address this concern, we have used 
the scaling of Equation (1) to identify an alternative 
CGM sample including all absorber /galaxy pairs sepa- 
rated at < 1.5 i? V ir- The sample presented in Table 3 and 
this new alternative CGM sample are largely the same, 
but because Equation (1) yields virial radii ~ 20% larger 
than the halo matching formalism for most galaxy lumi- 
nosities, Table 4 lists 18 potential CGM absorber/galaxy 
pairs in this alternative sample not listed in Table 3 (i.e., 
the alternative sample includes all absorbers in Tables 3 
and 4) . The columns in Table 4 supply the same informa- 
tion as in Table 3. All but two (the first two entries) have 
impact parameters p > R v - lT by the Equation (1) scaling 
and only 3/18 have unambiguous metal- line detections. 
Using these additional two p < R V1I absorber/galaxy 
pairs in the analyses below does not alter the conclu- 
sions we derive by using the sample defined by "halo 
matching" . 

How unique are the host galaxy identifications given in 
Tables 3 and 4? There are two aspects to this question. 
First, an identification would be ambiguous if a different 
definition of virial radius caused a different galaxy to be 
identified as the host galaxy. The entries in Table 4 show 
that this is not the case because there is no individual 
absorber which has different galaxies listed as associated 
in Tables 3 and 4. But a second aspect of this issue is 
not addressed by comparing Tables 3 and 4; viz., are 
there other galaxies comparably close to the identified 
host galaxy but only slightly further away? Particularly 
since galaxies are almost always found in groups or clus- 
ters, other comparably close galaxies could be present in 
some cases. While it was shown in Figure 3 that the 
next-nearest galaxy to a CGM absorber is typically 2.4 
times farther away, there are a few next nearest neighbors 
substantially closer. Table 5 addresses this other aspect 
of the uniqueness issue by listing all those next nearest 
galaxies potentially associated with absorbers by being 



< 1.5 virial radii away. In some cases this "next near- 
est" galaxy is actually slightly closer physically to the 
absorber but farther away in number of virial radii; e.g., 
the Table 5 entry for the absorbers in the PKS 0405-123 
sight line is a much less luminous galaxy than the one 
listed for these absorbers in Table 3. 

Two groups of absorbers have multiple entries in Ta- 
ble 5 indicating a small group of galaxies close to those 
absorbers: P G 1211+143 at cz = 1 5,302, 15,425 and 
15,695 kms -1 (ITumlinson et al.1120051) and PG 1259+59 3 
at cz = 13,808 and 13,940 kms -1 (jRichter et all 120041) . 
In both of these cases the Lya absorption is strong and 
complex and the FUS&detected O VI absorption is sig- 
nificantly broader than predicted by the H I and lower 
ionization metal lines. Also in both cases the nearest 
galaxy we have listed in Table 3 is classified by the SDSS 
as an early-ty pe system based on t he color discriminator 
advocated bv lStrateva et al.l (|2001[ ). which uses an SDSS 
color cut at (it — r) = 2.22. The presence of late-type 
galaxies comparably close to the sight line means that 
even the two early-type galaxies potentially associated 
with CGM absorbers are not unambiguous associations. 
The only other early-type galaxy association in Table 3 
is in the PG 1116+215 sight line at cz = 41, 521 kms" 1 , 
a 31* Sa type galaxy 138 kpc from the sight line. How- 
ever, the galaxy survey in this direction is complete only 
to 0.6 L* at that distance and there are several late-type 
galaxies closer to the QSO but which lack redshifts at this 
writing. In a recen t paper from the "COS/Halos" Team, 
I Thorn et~ l. (2012) report the detection of Lya absorp- 
tion in 12 of 16 early-type galaxies, cl assified as such by 
their low specific star-formation rate (jThom eTaT] 12012 
iWerk et al.ll2012|). Howev er, just as with the examples 
above. iThom et all (|2012D admit that their fields have 
not been uniformly surveyed for galaxies at lower lumi- 
nosities. While the evidence for warm gas absorption 
around early-type galaxies is strongly suggested by their 
observations, we contend that the source and fate of that 
gas is still uncertain. Deeper galaxy spectroscopy and 
further investigation of the absorption associated with 
small groups of galaxies is necessary and important to 
resolve this question. 

From this analysis we conclude that: (1) the unique 
identification between an absorber and its host galaxy 
is reasonably robust; (2) there is no compelling ev- 
idence for warm CGM clouds in early-type gal axies, 
consistent with earlier work by iChen et~aL (I2010D and 
ITumlinson et al.l (|2011D but at variance with IThom et all 
(2012); and (3) small groups of galaxies contain complex 
absorbers in which the O VI absorption appears broader 
than its associated Lya and lower ionization metal lines 
would predict. In the targeted sample the galaxies 
NGC 2611 (PG 0832+251 sightline) and NGC 3511 
(PMN J1103-2329 sightline) have other nearby, lower- 
luminosity galaxies at comparable impact parameters 
(Paper 2) . The absorbers at the redshifts of these galax- 
ies have multiple velocity components, and the one tar- 
get that has (admittedly poor) FUSE spectroscopy con- 
tains strong O VI absorption. Complex, multi-phase gas 
may be a hallmark of spiral- rich groups of galaxies; e.g., 
see also a detailed discussion of the cz — 50, 105 kms -1 
absorber in the PKS 405-123 sight line (Table 3) in 
iProchaska et alj (|2004D . ISavage et al.l (|2010D and Section 
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1015 
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0.008 
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Ovi? 
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SDSS J122950.57+020153.7 


1585 


1775 
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0.015 


0.004 
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0.080-0.11 








36632 










13.13 + 0.03 




0.75-1.0 




Mrk 335 


J000529.1+201336 


1957 


1960 


96 


0.047 


0.006 


13.99 + 0.10 


0.71-1.30 


0.027-0.066 








2275 










13.24 + 0.06 




2.8-7.0 




PG 0953+414 


SDSS J095638.90+411646.1 


42667 


42759 


434 


6.7 


2.8 


13.68 + 0.14 


1.18-1.26 


0.39-0.43 


Ovi, Ciii 






42756 










13.35 + 0.03 




0.013-0.014 


Ovi, Ciii 


PG 1116+215 


SDSS J111905.51+211733.0 


17698 


17993 


131 


0.12 


0.11 


13.53 + 0.02 


0.80-1.42 


2.3-5.5 


Ovi 






17774 










13.0: 




1.7-4.1 


Ovi, Nv, Civ, Sim 






18226 










13.21 + 0.04 




1.8-4.3 




PG 1116+215 


SDSS J111906. 68+211828.7 


41521 


41428 


138 


2.9 


0.57 


16.35 + 0.10 


0.45-0.53 


0.31-0.39 


Ovi, C ii/iii, Siii/m/iv 


PG 1211+143 


IC 3061 


2130 


2317 


108 


0.19 


0.008 


13.42 ± 0.03 


0.60-1.03 


1.2-2.6 


Ovi 


PG 1211+143 


SDSS J121409. 55+140420.9 


15302 


15309 


136 


1.9 


0.081 


15.67 + 0.35 


0.48-0.60 


0.026-0.036 


Ovi?, Nv, Cm/iv, Siii/m/iv 






15425 










14.13 + 0.11 




0.43-0.59 






15605 










13.58 + 0.04 




1.1-1.5 




PG 1211+143 


SDSS J121413.94+140330.4 


19329 


19334 


71 


0.16 


0.13 


15.17 + 0.10 


0.41-0.72 


0.028-0.062 


O vi, C iii/iv, Sim 






19467 










13.82 + 0.05 




0.75-1.6 


Ovi, Ciii/iv 


PG 1216+069 


SDSS J121930.86+064334.4 


24125 


24116 


500 


6.4 


0.19 


13.87 + 0.28 


1.38-1.48 


0.042-0.047 


PG 1216+069 


SDSS J121923. 43+063819.7 


37091 


37204 


92 


0.77 


0.46 


14.75 ± 0.04 


0.39-0.55 


0.46-0.75 


Ovi?, Cm, Sin 


PG 1259+593 


SDSS J130207.44+584153.8 


686 


662 


58 


0.019 


< 0.001 


13.83 + 0.24 


0.51-0.92 


0.23-0.53 


Ovi 


PG 1259+593 


SDSS J130101.05+590007.1 


13808 


13862 


136 


1.0 


0.29 


15.51 + 0.28 


0.54-0.75 


0.24-0.37 


O vi, C m/iv, Sim 






13940 










14.75 + 0.38 




0.34-0.54 


Ovi, Nv, Ciii/iv, Sim 


PHL 1811 


SDSS J215456.65-091808.6 


15430 


15453 


266 


3.0 


0.09 


13.79 + 0.02 


0.85-1.01 


0.098-0.13 


PHL 1811 


2MASS J21545996-0922249 


24222 


24223 


35 


2.9 


0.21 


18.00 + 0.50 


0.11-0.14 


0.002-0.003 


Cii/iii/iv, Sio/iv 


PHL 1811 


J 215506. 5-092326 


39661 


39758 


226 


2.4 


0.57 


14.67 ± 0.19 


0.76-0.93 


0.41-0.55 


O vi, C m 


PHL 1811 


J215454.9-092331 


52926 


52793 


351 


6.1 


1.0 


14.87 + 0.03 


0.98-1.05 


0.53-0.59 


Ovi, Sim/iv 


PKS 0405-123 


2MASX J04080654-1212494 


24394 


23990 


414 


6.0 


0.19 


13.76 + 0.02 


1.16-1.25 


1.7-2.0 


PKS 0405-123 


2MASX J04075411-1214493 


28950 


28989 


375 


5.5 


0.27 


14.64 + 0.12 


1.07-1.17 


0.17-0.19 


Ovi 






29127 










13.32 + 0.09 




0.58-0.67 




PKS 0405-123 


J040743.9-121209 


45378 


45718 


195 


3.5 


0.69 


13.17 + 0.07 


0.61-0.71 


1.2-1.5 


Cii?, Sin? 






45624 










13.46 ± 0.03 




0.34-0.42 




PKS 0405-123 


J040751. 2-121137 


50105 


50065 


116 


8.8 


0.82 


16.45 ± 0.07 


0.30-0.31 


0.094-0.098 


Ovi, Nv, Cii/iii, Siii/m/iv 


PKS 1302-102 


NGC 4939 


3447 


3110 


295 


6.4 


0.39 


13.31 + 0.07 


0.81-0.87 


1.2-1.3 


PKS 1302-102 


2MASX J13052026-1036311 


12567 


12759 


225 


3.4 


0.058 


13.01 + 0.12 


0.71-0.82 


0.74-0.92 








12665 










14.83 + 0.17 




0.36-0.45 


Ovi, Civ, Siii/m/iv 


PKS 1302-102 


2MASX J13052094-1034521 


28176 


28304 


350 


4.2 


0.29 


14.95 + 0.06 


1.05-1.20 


0.57-0.69 






28435 










17.10 + 0.40 




0.58-0.71 


Ovi?, Cii/iii, Siii/m/iv 


PKS 2155-304 


2MASX J21584077-3019271 


16965 


17005 


121 


6.3 


0.097 


14.48 + 0.28 


1.17-1.25 


0.17-0.19 






17109 










14.04 ± 0.01 




0.45-0.50 


Ovi 


Q 1230+011 


SDSS J123047.60+011518.6 


23399 


23585 


54 


0.47 


0.18 


15.06 ± 0.40 


0.25-0.38 


0.72-1.3 


Ovi?, Ciii/iv, Sim/iv? 



References. — 



Associated metal line information is taken from Danforth & Shull (2008). 



Table 4 

Alternate CGM Absorber Sample 



Target 


Galaxy 




L gs A 


ilim 


log JV H i 


P/^vir 


|Ati|/i;esc Associated Metals 






(kms" 1 ) (kms" 1 ) (kpc) 


(L*) 


(L*) 









3C 351 




SDSS J170615. 84+604218.8 


3465 


3581 


172 


0.24 


0.020 


13.52 ± 0.05 





.92 


-1 


.52 


0.85-1.8 








3597 










13.66 + 0.03 










0.12-0.25 


Mrk 876 




NGC 6140 


932 


910 


180 


0.23 


0.018 


14.46 + 0.13 





.97 


1 


.62 


0.17-0.36 


PHL 1811 




SDSS J215517.30-091752.0 


22032 


21951 


497 


4.7 


0.17 


14.37 ± 0.41 


1 


.46 


1 


.63 


0.41-0.49 


PHL 1811 




J215447.5-092254 


23310 


23278 


307 


0.85 


0.20 


14.94 ± 0.08 


1 


.27 


1 


.78 


0.21-0.36 








23632 










14.76 + 0.15 










2.4-4.0 


PHL 1811 




J215450.8-092235 


23694 


23623 


235 


0.30 


0.20 


14.65 ± 0.11 


1 


.20 


1 


.93 


0.57-1.2 


PKS 0312- 


-770 


J031201. 7-765517 


17824 


17792 


237 


0.27 


0.14 


13.53 + 0.03 


1 


.23 


2 


.02 


0.27-0.56 


PKS 0312- 


-770 


J031158.5-764855 


35466 


35732 


378 


1.6 


0.56 


14.17 + 0.04 


1 


.38- 


1 


.78 


1.6-2.4 








35813 










13.79 + 0.02 










0.50-0.74 


PKS 2155- 


-304 


ESO 466-032 


4989 


5126 


320 


1.5 


0.012 


13.43 + 0.02 


1 


. 18- 


1 


.54 


0.79-1.2 








5098 










13.56 + 0.02 










0.16-0.24 








5166 










13.21 + 0.03 










0.23-0.34 


PKS 2155- 


-304 


J215846.5-301738 


20330 


20226 


330 


0.61 


0.14 


13.07 + 0.03 


1 


.46 


2 


.14 


0.80-1.4 


PKS 2155- 


-304 


J215845.1-301637 


31633 


31887 


399 


2.0 


0.33 


14.12 ± 0.18 


1 


.39 


1 


.75 


1.5-2.1 








31736 










13.47 + 0.03 










0.89-1.3 


Q 1230+011 


SDSS J123103. 89+014034.4 


1489 a 


1136 


119 


0.022 


0.003 


13.62 + 0.05 


1 


.02 


1 


.85 


4.4-11 


Ton 28 




SDSS J100618. 16+285641.9 


1067 


1362 


166 


0.083 


0.003 


14.02 ± 0.06 


1 


.09 


1 


.97 


2.9-7.1 



Ovi?, Sim 
Sim/iv 

Cii/iii/iv, Sim 



References. — Associated metal line information is taken from Danforth & Shull (2008). 
a This absorber is located near the galaxy group CGCG 014—054, of which the listed galaxy is the closest member. 
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5.1. 



4.2. Characterizing the Merged CGM Absorber Sample 

Figure 8 combines the targeted and serendipitous ab- 
sorber samples to provide the most numerous warm 
CGM cloud sample outside the Milky Way. In this 
plot of the basic observables, impact parameter and 
absorber/galaxy radial velocity difference, colored sym- 
bols mark metal-bearing absorbers, while empty sym- 
bols are absorbers having no detected metal lines. Red 
filled symbols indicate the presence of low- and high- 
ionization metal lines like C II, Si III and/or C IV found 
within the HST/STIS or ffST/COS bandpasses. The 
blue filled symbols indicate those absorbers which con- 
tain only O VI 1032, 1038 A and/or C III 977 A without 
the metal ions found in the HST bandpass; i.e. these ab- 
sorbers have only FUSE bandpass metal absorption de- 
tected. Absorbers containing both HST bandpass metal 
ion absorption and also O VI are colored red. We make 
this distinction because the COS targeted absorbers do 
not have FUSE spectra to search for associated O VI. 
Absorbers for which available data are inconclusive as to 
the presence of metals in the HST bandpass (poor SNR 
at the redshifted wavelengths of Si II, Si III, Si IV, C II 
and/or C IV, or the wavelengths of these absorptions are 
not covered by available spectroscopy) are represented 
by symbols with question marks. Therefore, the dividing 
line between "metal-bearing" and "Lya-only" absorbers 
is poorly defined in this sample due to the modest SNR 
of the STIS spectra, the availability of FUSE spectra, the 
absorber A/hi value and the physical cloud conditions. In 
both parts of Figure 8 the squares indicate COS-targeted 
absorbers and the circles are the STIS serendipitous ab- 
sorbers. The size of the symbols indicate the luminos- 
ity of the host galaxies with the largest symbols being 
L > L* , the intermediate size symbols being sub-L* 
and the smallest symbols are absorbers associated with 
dwarfs. This plot is limited to absorbers at p < 1.5i? v i r 
using the halo matching definition of the virial radius 
(i.e., absorbers in Tables 2 and 3 only). 

Figure 9 shows a variation on the now-standard plot 
of impact parameter vs Lyq e quivalent width first de- 
scr ibed bvlLanzetta et al.l (119951) and further investig ated 
bv lChen et al.l (120011 ) and lChen fc Mulchaevl (l200l . On 
this compressed scale the loose correlation between hy- 
drogen line strength and projected distance from the 
nearest galaxy is not so obvious. Inside 0.5 i? v ir there 
is little decline in W\ with distance perhaps because 
at these small galaxy-absorber separations the three- 
dimensional distances are dominated by projection ef- 
fects. Outside 0.5i? v i r there is also no obvious correla- 
tion but a much larger spread in -/Vhi, although the range 
of impact parameters is small. More obvious is the di- 
chotomy of "metal-bearing" and "Lya-only" absorbers; 
no absorber at W\ > 500 mA lacks metals in the HST 
band. This may be a column density effect or an ioniza- 
tion effect or both. 

For example, the three Lya-only absorbers in the COS 
target HE 0435-5304 (overlapping open squares at W\ ~ 
200 mA) along the minor axis of ESO 15 7-49 are con- 
strained geometrically to be outflowing gas (|Stocke et al.l 
[20TotlKeenev et al.l[2012h and so very likely contain met- 
als at or somewhat below the metallicity of their host 




100 
P [kpc] 




Figure 8. Distribution of CGM absorbers in impact parameter 
and absorber-galaxy radial velocity difference. The squares come 
from the COS-targeted sample and the circles are from the STIS- 
serendipitous sample. Filled symbols are metal-bearing absorbers, 
open symbols are Lya-only absorbers. Red colored symbols have 
metal lines detected in the HST/STIS and HST/COS bandpasses 
while blue circles are absorbers with O VI or O VI + C III metal 
absorption only detected in the FUSE bandpass. Absorbers with 
both O VI and HST bandpass metal lines are coded red. Symbol 
size encodes the host galaxy luminosity bin; largest symbols are 
from the super-L* sample; intermediate size from the sub-L* sam- 
ple and dwarfs are the smallest symbols. The diagonal lines indi- 
cate the change in location in the plot by adopting a different virial 
radius prescription with the lower-left end using the Equation (1) 
scaling and upper-right end from the halo-matching prescription. 



galaxy. These three minor axis clouds may differ from 
the two major-axis, metal-bearing clouds only by hav- 
ing lower -/Vhi. Therefore, using the current STIS and 
FUSE spectra, we cannot constrain the absence of metal 
absorption lines in these and other Lya-only absorbers 
to much better than a few tenths solar metallicity. This 
means that the current metal-bearing/Lya-only distinc- 
tion cannot be used as a significant discriminator for the 
origin of the Lya-only clouds. Higher SNR spectra are 
required to make this distinction for CGM clouds and so 
to determine the plausible origin of the Lya-only CGM 
clouds. 

In a plot of the physical quantities, impact parameter 
and radial velocity difference (Figure 8a), we find that, 
regardless of associated galaxy luminosity, the CGM ab- 
sorbers enriched with HST-bandpass metals (red filled 
symbols), whether targeted or serendipitous, are found 
< 150 kpc in projection from their nearest galaxy neigh- 
bor. This maximum extent of lower-ionization (than 
O VI) metals is the same as found for low-z luminous 



Table 5 

Absorbers Possibly Associated with Galaxy Groups 



Target 


Galaxy 


^abs 




P 








p/Rvii 


|Al)|/Wesc 


Xph 




v • b 

Avir 








(kms -1 ) 
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(kpc) 


(£*) 


O) 
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0.70 


0.020 
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9 
z . 


10 nz u. 


.00 


PG 1211+143 


SDSS J121407.36+140924.8 


15302 

1D4ZO 

15605 


15290 


398 


5.3 


0.081 


1 


.14 


1 


.26 


0.053-0.061 
u. oy— u.oy 
1.4-1.6 


2.93 


2. 


.22 + 0. 


.27 


PG 1211+143 


SDSS J121406.93+140437.9 


15302 
15425 
15605 


15586 


180 


0.19 


0.081 


1 


.00 


1. 


.72 


2.3-5.1 
1.3-2.9 
0.15-0.34 


1.32 


2 


.52 + 0. 


.72 


PG 1211+143 


SDSS J121419.88+140509.8 


19329 
19467 


19259 


149 


1.2 


0.13 





.58- 





.77 


0.30-0.46 
0.90-1.4 


2.10 


1 


.19 + 


.37 


PG 1259+593 


SDSS J130033.95+585857.2 


13808 
13940 


13794 


320 


3.8 


0.29 





.98- 


-1 


.13 


0.061-0.075 
0.64-0.79 


2.35 


1 


.64 ± 0. 


.29 


PG 1259+593 


SDSS J130100.56+585804.7 


13808 
13940 


13854 


235 


1.2 


0.29 





.91- 


-1 


.22 


0.24-0.38 
0.46-0.71 


1.73 


1. 


.65 + 0. 


.36 


PG 1259+593 


SDSS J130022.13+590127.2 


13808 
13940 


13926 


358 


1.3 


0.29 


1 


.36- 


1. 


.81 


0.75-1.2 
0.089-0.14 


2.63 


2. 


.46 ± 0. 


.53 


PHL 1811 


J215516. 5-092408 


22032 


22112 


341 


0.67 


0.18 


1 


.48- 


2. 


.14 


0.61-1.06 


0.69 


1 


.17 + 0. 


.22 


PHL 1811 


J215450.8-092235 


23310 
23632 


23623 


235 


0.30 


0.20 


1 


.20 


1. 


.93 


2.5-5.1 
0.072-0.15 


0.77 


1 


.03 + 


.29 


PHL 1811 


2MASX J21545868-0923057 


24222 


24103 


89 


3.8 


0.21 





.27 





.31 


0.32-0.38 


2.54 


2 


.80 + 


.41 


PKS 0405-123 


J040758.0-121225 


28950 
29127 


28916 


261 


0.67 


0.27 


1 


.14 


1 


.65 


0.23-0.40 
1.4-2.5 


0.70 


1 


.25 + 


.23 


PKS 1302-102 


J130525.6-103923 


12567 
12665 


12579 


313 


0.65 


0.058 


1 


.37- 


-1 


.99 


0.088-0.16 
0.63-1.1 


1.39 


2 


.20 + 


.13 


Q 1230+011 


NGC 4517 


1489 c 


1128 


345 


1.0 


< 0.001 


1 


.38- 


-1 


.90 


2.4-3.9 


2.90 


1 


.14 + 


.38 



References. — Associated metal line information is taken from Danforth & Shull (2008). 
a The ratio of the impact parameter (in kpc) of the tabulated galaxy to that of the nearest galaxy (see Tables \3\ and |4]l : Xph = p/PNG- 
b The ratio of the impact parameter (in virial radii) of the tabulated galaxy to that of the nearest galaxy (see Tables [3] and |3J: Xvh- = 

(p/-Rvir)/(p/-R vil .)NG- 

c This absorber is located near the galaxy group CGCG 014-054, of which the listed galaxy is the second closest member. 



18 



Stocke et al. 



□ 
□ 




Figure 9. Plot of Lya equivalent width versus normalized im- 
pact parameter in units of the virial radius. As in Figure 8 the 
absorbers with metal ions detected in the HST band (e.g., Si II, 
Si III and Si IV) are red-filled symbols, absorbers in blue contain 
metals (O VI or C III) detected only in FUSE spectra, and unfilled 
symbols have Lya-only detections. Symbols with question marks 
have unknown metal content. As in Figure 8 the size of the symbol 
indicates the luminosity of the nearby galaxy with squares indicat- 
ing COS targeted absorbers and circles indicating STIS serendip- 
itous absorbers. Diamonds denote absorbers described in Table 4 
and Figure 10 below. Because of their systematically lower TVh i we 
cannot rule out the possibility that many of the Lya-only clouds 
have similar metallicities as the metal-bearing clouds. 



galax i es using C IV as a mark er for metals ([Chen et al.l 
l2001h . iTumlinson et al.l (|2011l ) found a similar metal en- 
richment region in high column density O VI around late- 
type galaxies but they did not observe QSO sight lines 
beyond 150 kpc from bright galaxies. The observed ra- 
dial velocity difference between the absorbers and their 
nearest neighbor galaxies for the metal-bearing absorbers 
in Figure 8a is a l so sim ilar to the distribution found by 
Tumli nson et al.l (|2011L see their Figure 2) in their O VI 
absorber survey. At larger impact parameter (> 150 kpc) 
and/or velocity difference (|Au| > 250 kms - ), the frac- 
tion of metal-bearing CGM absorbers dramatically de- 
creases, likely a combination of increased ionization state 
and decreasing hydrogen column density. 

Figure 8b plots the same absorber data as in Figure 8a 
but scaling the projected impact parameter by the virial 
radius and the radial velocity difference by the escape 
velocity from that impact parameter. These two coor- 
dinates are now partially correlated and each axis plots 
a projected value divided by a three-dimensional (full- 
space) value. Thus, both coordinate values are strict 
lower limits. The diagonal lines show the spread in values 
associated with altering the virial radius definition; i.e., 
the upper-right end of the line uses the "halo-matching" 
definition of i? v i r and the lower-left end uses Equation 
(1). Because the escape velocity is computed at the min- 
imum absorber/galaxy distance, the escape velocity for 
each cloud could be somewhat less than as plotted. We 
expect that many of the absorbers with normalized ve- 
locity differences in Figure 8b close to unity have suffi- 
cient 3D velocity to escape while all the absorbers with 
| Aw | > v csc have sufficient velocity to escape if they are 
outflowing from the nearest galaxy. By scaling the ab- 
scissa and ordinate by quantities related to galaxy mass, 
there is no indication of segregation by galaxy mass; i.e., 
there is no strong evidence for different physical condi- 
tions (e.g., sizes or masses) in warm CGM clouds around 



big and little galaxies. However, this sample is still mod- 
est in size and this conclusion requires further work to 
be confirmed. 

Dividing Figure 8b into three regions along the x-axis, 
we find an 12:1 ratio of "metal-bearing" (red and blue 
symbols) to Lya-only CGM absorbers (open symbols) 
at < 0.5i?vir, a 14:11 ratio at 0.5-1 i? v ir and a 9:12 ra- 
tio beyond i? v ir- Using the alternate definition of virial 
radius from Equation (1) only changes the statistics out- 
side i? v ir, where three metal-bearing absorbers and 15 
Lya-only absorbers are added, for a total metal-bearing 
to Lya-only ratio of 12:27. While there appears to be a 
clear transition of physical cloud conditions that occurs 
in the 0.5-1 i? v i r regime, it is not clear what that tran- 
sition means in terms of cloud origins, metallicity and 
physical structure. Higher SNR spectra certainly will 
assist in determining the nature and point of origin of 
the lower column density Lya-only CGM clouds. 

If we rather arbitrarily divide this sample vertically 
at \Av\ = 0.5 v csc , 60% of the metal-bearing CGM ab- 
sorbers are below that line. This suggests that these 
metal-enriched CGM clouds are bound to their asso- 
ciated galaxies although we cannot tell if these clouds 
are infalling or outflowing (see Section 4.4). The frac- 
tion of metal-bearing clouds at high relative velocities 
(| At; | > 0.5 v esc ) increases with p to the point where 6 of 
9 "metal-bearing" clouds at p > i? v j r have |Au| > 0.5v eS c 
(Figure 8b). The changing cloud demographic with 
p/i? v ir reinforces the use of the virial radius as an ap- 
proximate indicator for the boundary of galactic halos. 

In Figure 10 the alternate CGM absorber sample (Ta- 
ble 4) is added as diamond symbols to show that using 
the alternate definition of i? v ir does not change the dis- 
tribution substantially. The color and size codings in 
Figure 10 are the same as for Figure 8. The alternate 
sample absorbers are exclusively at p > i? v i r and possess 
\Av\ indicative of unbound (if outflowing) gas in almost 
all cases. As shown explicitly in Figures 2, 4 and 5, there 
are many more absorbers beyond the virial radii of galax- 
ies on the scale of galaxy groups and large-scale filaments 
(|Penton et al. 2000, 2004). Otherwise, the alternate sam- 
ple offers no novel insights or trends not present in the 
primary sample shown in Figure 8. The sample shown 
in Figure 8 (and listed in Tables 2 and 3) is the primary 
CGM cloud sample used for analyses in this paper. 

Figure 11 presents a plot similar to Figure 8 for all 
CGM metal-line absorbers plus all other metal-line ab- 
sorbers in well-surveyed galaxy regions beyond the virial 
radius. Detections beyond the CGM are included only if 
the galaxy survey is complete to below 0.15 L* at the ab- 
sorber location. We chose this limit rather than 0.10 L* 
because the sample size is a factor of two larger than if 
we use the slightly lower luminosity completeness limit. 
The 0.15 L* luminosity limit is still low enough to pro- 
vide confidence that almost all sub-L* galaxies are in- 
cluded in the analysis. The blue symbols are O Vl-only 
absorbers; the red symbols are absorbers with O VI and 
lower ion absorption and the open symbols have lower 
ionization metal lines but no detected O VI. As in Fig- 
ure 8, the size of the symbol encodes the luminosity of the 
nearest galaxy while the symbol shape encodes the sam- 
ple from which the absorber was taken (squares = tar- 
geted sample in Table 2; circles = serendipitous sample 
in Table 3, diamonds = alternate serendipitous sample 
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Figure 10. Distribution of CGM absorbers in impact parameter 
scaled by virial radius and absorber-galaxy radial velocity differ- 
ence scaled by escape velocity. The symbols here are the same as in 
Figure 8 except that the diamonds are absorbers from the alternate 
CGM sample listed in Table 4. 

in Table 4; and triangles are additional O VI absorbers 
in regions surveyed completely to L > 0.15 L*). While 
lower-ionization metal absorbers generally do not occur 
in regions much beyond i? V ir from the nearest galaxy, 
O Vl-only absorbers (i.e., Lya + O VI absorption only) 
exten d much further out (~ 3.5i? v ir) as reported previ- 
ously (|Stocke et al.l 120061) . One newly catalogued O VI- 
only absorber in the PG 1259+593 sight line near the 
starburst galaxy Mrk 232 is 5 i? V ir (788 kpc) away in 
projection, somewhat greater than previously found for 
any sub-L* galaxy. In no case do O VI absorbers ex- 
tend much farther away from their nearest associated 
galaxy than a distance comparable to the size of a small, 
spiral-rich group of galaxies. Whether due to the larger 
ionization parameters of diffuse absorbers far from galax- 
ies (logt/ > —1.5) for photoionized clouds or much hot- 
ter temperatures (T > 10 5 K) for collisionally-ionized 
clouds, O VI absorption appears to be the best probe for 
the extent of metal transport away from galaxies into the 
IGM at low-z. 

There are three O VI absorbers whose nearest galaxy 
is a dwarf, suggesting that some metal-line absorbers are 
associated with very small galaxies. In general, the data 
shown in Figure 1 1 support the conclusions made in Sec- 
tion 3.4 that extended, patchy (30% area covering factor) 
metal-enriched regions exist around galaxies of all lumi- 
nosity classes. The existence of several O VI absorbers 
at p > R V1I with large |Aw|/w csc supports the interpreta- 
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Figure 11. Distribution of absorbers in impact parameter scaled 
by virial radii and absorber-galaxy radial velocity difference scaled 
by escape velocity for all metal-bearing absorbers in regions sur- 
veyed for galaxies completely down to 0.15 L* . The filled symbols 
all have O VI detections; the open symbols lack O VI detections, 
mostly due to the absence of FUSE spectroscopy. The blue-filled 
symbols represent absorbers with O Vl-only while the red-filled 
symbols are absorbers containing both O VI and lower ionization 
absorption. Squares, circles, and diamonds are defined as in Fig- 
ures 9 and 10, and the triangles show absorbers that are unique to 
this figure. 

tion that at least some outflowing absorbers escape into 
the IGM. Because the ultimate extent of metals into the 
IGM is very sen sitive to the amount of feedback (e.g., 
iChen et al.ll2001l) . deep galaxy surveys in regions of O VI 
absorbers discovered by HST/COS at z > 0.12 are a high 
priority for future ground-based spectroscopic surveys of 
galaxies near targeted sight lines (e.g., Keeney et al., in 
prep). On the longer-term, an O VI survey at z < 0.1 
using new far-UV spectroscopic missions are required to 
measure more accurately the spread of metals around 
galaxies into the IGM. 

It is tempting to compare this result with similar metal 
transport studies conducted at high-SNR (~ 30-50) us- 
ing high-z QSO spectra obtained with Keck/HIRES or 
VLT/UVES. But all low-z metal transport studies us- 
ing STIS (and even COS given limited HST observing 
time) are severely SNR limited compared to high-z stud- 
ies. T h e O VI absorber e xtent d escribed in lStocke et al.l 
(|2006h . iProchaska et al.l (|2011a| ). and the current paper 
all use absorber samples with logA^ovi > 13-2 (DS08). 
Much weaker C IV and O VI lines are detectable at 
high-z and a much gr eater extent of metals through th e 
IGM is inferred (e.g.. lAguirre. Schave. fc Theund [20021) . 
although not well-tested owing to the lack of very deep 
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(L > 0.1 L*) galaxy survey work at z ~ 2. SNR ~ 30- 
50 HST/COS spectra are required to conduct similarly 
sensitive measurments at z ~ 0, whether with indi- 
yidual absorbers or usi ng pixel-coaddition techniques 
(jCowie fc Songailal[l998h . 

4.3. Synopsis of Photoionization Modeling of Warm 
CGM Clouds 

In general, where metals are associated with these 
CGM absorbers, the higher ions associated with warm, 
photoionized gas (Si IV and C IV) predominate over 
lower ions (Si II and C II) in both the targeted and the 
serendipitous samples. No strong Mg II (W\ > 0.5 A) 
absorption was found for any of the few targeted ab- 
sorbers observed with the G285M grating and only one 
targeted and three serendipitous absorbers have stronger 
low ions (i.e., Si II > Si IV). The cz = 5, 225 kins" 1 ab- 
sorber in the PG 0832+251 sight line is one of the few 
absorbers dominated by lower ions and is a Lyman limit 
system at log Am ~ 18.4 (but Mg II was not observed 
for this, previously unknown, Lyman limit system). A 
dust lane across the disk of the nearby low-level starburst 
galaxy NGC 2611 and the sign of the absorber/galaxy 
velocity difference re quire that this abs orber is outflow- 
ing from NGC 2611 ([Stocke et al.ll2010L Paper 2) but its 
low relative radial velocity (\Av\/v esc « 0; see Table 2) 
suggests that it will not escape into the IGM. A com- 
panion absorber at cz = 5437 kms" 1 has a much larger 
|Au|/u csc = 1.2 and is infalling based on the sign of its 
velocity difference from NGC 2611. This second compo- 
nent has a much higher ionization spectrum, more typical 
of the remainder of the sample. 

There are a few other Lyman-limit systems (LLS) 
we have modeled based on direct detections of flux 
decrements in FUSE spectra: PG 1116+215 at cz = 
41,521 kms" 1 (|Tripp et al.l ll~998l), P HL 1811 at cz = 
24,222 kms" 1 (| Jenkins et all [20031), PKS 040 5-123 
at cz = 50,105 kms -1 (jProchaska et all 120041 ) and 
PKS 1302-102 at cz = 28,435 kms" 1 (see Table 
6). These LLSs are all associated with L > 0.3 L* 
galaxies consistent with m any earlier s t udies of strong 
Mg I I /LLS absorbers (e.g. lSteidellll995t iChurchill et al.1 
1200a iKacprzak et all 1201 U IChen et al.ll2010D . 

Another of the very few low ionization absorbers is 
at 1585 kms" 1 in the 3C 273 sight line in the serendipi- 
tous sample (see Table 3). Becau se this absorber alread y 
had been s t udied in de tail by ISembach et al.l (|2001l ). 
iTripp et all (|2002D . and IStocke et al.l (|2004f ). we mod- 
eled this absorber as a check on our CLOUDY anal- 
ysis process . Sta ndard photoionization modeling by 
ITripp et al.l (|2002f) found a surprisingly high hydrogen 
density of riH = 10" 28 cm" 3 , low temperature (~ 10 4 K) 
and thus quite a small line-of-sight size of 70 pc. The 
metallicity of 6% solar and a super-solar Si/C ratio sug- 
gesting recent Type II supernova enrichment are con- 
sistent with the absorber originating in a nearby (p w 
70 kp c) post-starburst d warf galaxy of similar metal- 
licity (St ocke et al.1 [20041 ). The large absorber/galaxy 
radial velocity difference, large impact parameter (see 
Figure 8b; top right small red filled circle) and small 
host galaxy mass require that this absorber will escape 
into the IGM. While the equivalent width measurements 



for the various low ions are slightly different in DS08 as 
compared to those used by ITripp et"al"1 (|2002j) , we re- 
cover very similar cloud parameters (see Table 6) includ- 
ing small cloud size and low metallicity. This absorber 
is one of the few (three) metal-bearing absorbers with 
no O VI detection. There are a few other targeted and 
serendipitous absorbers which have modeled line-of-sight 
sizes ~ 100 parsecs but all of these have higher ionization 
parameter and O VI detected. 

We have attempted photoionization modeling only for 
those 15 serendipitous absorbers in Tables 3 and 4 plus 
nine targeted absorbers in Table 2 with multiple metal 
ion detections. We required detections of two or more 
ionization states of the same element in order for a satis- 
factory model to be calculated; i.e., (C II, C III, C IV) in 
the serendipitous sample where FUSE spectra are avail- 
able or (Si II, Si III, Si IV) where only HST/STIS or 
HST/COS spectra exist like in the targeted sample. Col- 
umn densities of O VI are not used in this modeling both 
because this high ion likely traces collisionally-ionized gas 
and because its redshifted wavelength has been observed 
for only one of the targeted absorbers, PG 0832+251 
at cz = 5225 kms" 1 . While the targeted CGM ab- 
sorbers have only Lya with which to determine a hy- 
drogen column density, the serendipitous absorbers all 
have higher Lyman line detections from FUSE and thus 
much more accurate Am values from curve-of-growth 
analysis (DS08). While the nine targeted absorbers that 
meet the metal-line criteria have poorly determined Ah i 
values (this is particularly true of the M 108 aborbers 
because the COS spectrum of SBS 1108+560 contains a 
higher-redshift Lyman limit system that reduces the SNR 
at Lya significantly), we have used other constraints to 
reduce the errors on the hydrogen column density consid- 
erably. Specifically, the range of plausible Ah i values in 
Table 6 requires consistency with a single-phase photo- 
ionization model constrained by the observed metal-line 
ratios, an absorber size < the impact parameter, and 
an absorber metallicity < the galaxy metallicity (which 
sets a lower bound on Am)- The procedure which uses 
these constraints to cr eate viable ph o to-ioi zation mod- 
els is shown in detail in [Keenev et al.1 (|2012t ) for the two 
metal-bearing absorbers in Table 6 in the HE 0439-5254 
and RX J0439.6-5311 sightlines. 

These cloud mo dels are derived from single homoge- 
neous CLOUDY {Fcrland et al.1 I1998T) calculations as- 
suming only photo- ionization by an e xtern al radiation 
field as specified in lHaardt fc Madaul (|2012D . Even the 
most proximate absorbers in the targeted sample are 
farther away from their associated galaxies than their 
"proximity distance" where additional ionization from 
hot stars begins to contribut e significantly if the e scape 
fraction is as high as ~ 5% (jGiroux fc Shulllll997t) . All 
of the models were produced using the same, standard 
procedure explained in detail on a case-by-case basis in 
Paper 2. Here, by way of a synopsis, we list the results of 
these models in Table 6, which contains the following in- 
formation by column: (1) the sight line target name; (2) 
the absorber heliocentric recession velocity (kms" ); (3) 
the log of the neutral hydrogen column density (log Am) 
in cm" 2 ; (4) the log of the ionization parameter (log U); 
(5) the log of the mean metallicity as determined from 
CLOUDY modeling [log (Z/Z Q )] assuming solar abun- 
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Table 6 

Indicative Photoionization Models of Warm CGM Clouds 



Sight Line 




log Nh i 


log (7 


log(Z/Z Q ) logn H a D cl h log(M cl /M ) c 




(kins -1 ) 






(kpc) 



HE 0439-5254 


1662 


15.21 ± 0.44 d 


_o 4+ - 3 
z ' 4 -0.2 




-3.7 


1.1 


3.7 


PG 0832+251 


5227 


18.48 ± 0.17 d 


-3 5+ - 1 


-0.5 + 0.2 


-2.6 


16 


8.3 


PG 0832+251 


5425 


16.39 ± 0.91 d 


-2 4 +0 - 4 




-3.7 


28 


7.9 


PMN J1103-2329 


1194 


15.94 ± 0.47 d 


n 9+0.4 
z ' z -0.5 


-0.8«-j 


-3.9 


31 


7.8 


RX J0439.6-5311 


1671 


15.41 ± 0.42 d 


-2 6+ - 4 


_n 3+ 6 


-3.5 


1.2 


4.0 


SBS 1108+560 


665 


17.38 ± 0.63 d 


-3.1 ± 0.4 


0+ 10 


-3.0 


7.4 


6.8 


SBS 1108+560 


778 


15.44 ±0.42 d 


-2.3 ± 0.3 


-0.5 + 0.3 


-3.8 


5.7 


5.7 


SBS 1122+594 


1204 


15.92 ± 0.42 d 


-2.5 + 0.4 


-0.2 + 0.3 


-3.5 


3.8 


5.5 


VII Zw 244 


712 


15.81 ± 0.26 d 


9 o+O.l 


_ Q 9+0.1 


-3.2 


0.70 


3.5 



3C 273 


1585 


15.85 + 0.09° 


o 9+0.2 
°"'-0.1 


-0.9 + 0.2 


-2.9 


0.17 


2.1 


PG 1116+215 


41521 


16.35 ±0.10 f 


-3.3 + 0.1 


-0 3+ 01 
U.J_ 2 


-2.8 


0.28 


2.8 


PG 1211+143 


15302 


15.67 + 0.35 


_9 q+0.5 
z - y -0.3 


-0 5 +0 - 3 


-3.2 


0.52 


3.2 


PG 1211+143 


19329 


15.17 ±0.10 g 


-2 4+ ' 1 


-0.9 + 0.1 


-3.7 


2.2 


4.5 


PG 1211+143 


19467 


13.82 + 0.05 


-2.1 ± 0.1 


-0 2+ - 2 
u - z -0.1 


-3.9 


0.14 


0.9 


PG 1259+593 


13808 


15.51 + 0.28 


9 9+O.3 
z - z -0.9 


_1 1+0-9 
1 - i -0.3 


-3.9 


14 


6.7 


PG 1259+593 


13940 


14.75 + 0.38 


i 7 +0.3 
'"'-1.3 


-0 6 +0 ' 8 


-4.4 


21 


6.9 


PHL 1811 


22032 


14.88 ± 0.09 h 


9 7 +0.3 
z - '-0.2 


-0 3+ ' 2 


-3.3 


0.14 


1.4 


PHL 1811 


23310 


14.94 + 0.08 


-2.7 + 0.2 


-0.2 + 0.2 


-3.3 


0.15 


1.5 


PHL 1811 


24222 


18.00 ±0.50 f 


q c+0.3 


-o.7i;-s 


-2.5 


4.1 


6.5 


PHL 1811 


52926 


14.87 + 0.03 


-2.6 + 0.5 


-o.5t°; 4 


-3.5 


0.33 


2.3 


PKS 0405-123 


50105 


16.45 ±0.07 f 


-3.0 + 0.1 


+0.1 + 0.2 


-3.1 


1.2 


1.1 


PKS 1302-102 


12665 


14.83 + 0.17 


-2.8 + 0.1 


+0.2 + 0.2 


-3.3 


0.08 


0.6 


PKS 1302-102 


28435 


17.10 ±0.40 f 


o -, +0.5 

^■'-0.3 


i 7+O.6 
1 -'-0.4 


-3.0 


6.0 


6.6 


Q 1230+011 


23399 


15.06 + 0.40 


9 9+0.4 
z - -0.7 


-0.2 + 0.4 


-3.9 


3.0 


4.8 



Note. — Column densities are given in units of cm -2 and densities in cm -3 . 
a Total hydrogen column density, lognjr = —6.074 — log U. 
b Cloud thickness along the line of sight. 

c Cloud mass, assuming spherical clouds with diameter D c \, uniform density ?ih, and purely hydrogcn+hclium 
composition. 

d We have constrained the H I column densitie s of the targeted absorbers by assuming that the H I and metal 
lines reside in a single photoionized phase. Sec Kccncy ct al. (2012, 2013) for details. 

e We have adopted the column densities of ITripp et alj 120021) to model this absorber rather than those of 
IDanforth fc Shulll (20(21). 

f These column densities have been modified from the DS08 values by including information on the Lyman 
limit decrement for h igh column density absorbers. The column density for the PKS 0405-123 absorber is 
from Prochask a"et~aTI pOOi ). 

s The DS08 column density for this absorber (log Nm = 15.73 ± 0.32) has been revised using a new curve-of- 
growth analysis that favors b = 33 ± 4 kms -1 and logTVjji = 15.17 ± 0.10. 

h DS08 lists two absorbers at cz = 21,995 and 22,050 kms -1 , but further scrutiny reveals no evidence of 
multiple velocity components. 



dance amounts and ratios from iGrevesse et al.l (|2010f ): 
(6) the log of the total hydrogen density (lognn) in 
cm -3 ; (7) a characteristic cloud diameter (D c \) as de- 
termined from a modeled line-of-sight cloud depth in 
kpc; and (8) the logarithm of the estimated total cloud 
mass (logM c i) in solar masses. As a check on our 
CLOUDY modeling, we have used our procedure to re- 
produce the physical conditions derived by others for 
some of the same absorbers in Table 6 including 3C 273 
at cz = 1585 kms" 1 ([Tripp et alJl2002l) and PKS 0405- 
123 at cz = 50, 105 kms" 1 ()Prochaska et al.ll200"l . The 
sizes and masses of our models differ from others by fac- 
tors of 2-3 and 4-10 respectively, even in cases where we 
have used the same measured column densities. These 
differences underscore that these models are indicative, 
not precise. 

Before using the model results of Table 6 to assess 
physical conditions in the CGM of late-type galaxies, 
the next set of figures explores whether these derived 



quantities are dependent on either galaxy luminosity or 
impact parameter. Despite concerns that the virial ra- 
dius and escape velocity scalings may mask trends be- 
tween CGM cloud parameters and galaxy luminosity, 
Figure 12 shows that neither cloud diameter (top) nor 
mass (bottom) are dependent upon galaxy luminosity 
(although data below 0.1 L* are quite sparse). The phys- 
ical conditions derived from the CLOUDY modeling of 
these clouds (temperature, density and pressure) also 
show no dependence on host galaxy luminosity. Warm 
CGM clouds are similar regardless of the host galaxy 
nearby, excepting that no LLSs have been d etected 
around dwarfs, consistent with earli er results ([Steidell 
119951: iMcLin. Giroux. fc Stockd fl998l) . However, there 
are weak trends in cloud diameter and mass with scaled 
impact parameter that are similar to the Lya equiva- 
lent width dependence seen in Figure 9 with smaller, less 
massive clouds at larger scaled impact parameters (Fig- 
ure 13): Dei = (0.19 ± 0.04 kpc)( / 9/i? vir )" 1 - 7±0 - 2 and 
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Figure 12. The distribution of modeled CGM cloud diameters 
(top) and cloud masses (bottom) as a function of host galaxy lu- 
minosity. The symbology is the same as for Figure 10 and all 
symbols are filled (indicating metal-bearing clouds) because a re- 
quiremement for our applying CLOUDY modeling to absorbers in 
our sample is that at least two different ionization states of the 
same element (i.e., either C or Si) must be present. 

M cl = (36 ± 2 M )(p/i? vir )^ 6 - 2±0 - 5 (quoted errors are 
statistical only). While these best- fit power-laws decline 
with radius, the scatter is substantial and the fits quan- 
tified above are poor (reduced \ 2 ^ !)• Large, massive 
clouds exist at all radii. However, Lya-only clouds are 
found almost exclusively at p w R V i r . 

Despite the generally declining cloud size and mass 
with impact parameter, the pressure within CGM clouds 
estimated from mean cloud densities (Table 6; column 
6) and temperatures (not shown but always near logT w 
4.0-4.3 K) does not appear to decline very steeply with 
scaled impact parameter regardless of galaxy luminosity 
(Figure 14). The best- fit power-law to the data in Figure 
Mis: (P/k) = (12±2cm- 3 K)(p/i? vir )-°- 3±0 - 2 , and has a 
reduced \ 2 value of 3.3. Clearly any trend in these data 
is minimal. The surprising absence of a clear trend in 
cloud pressure with impact parameter will be addressed 
in Section 5.1. Neither cloud diameter, mass nor pressure 
vary significantly with absorber-galaxy relative velocity 
for this sample of 24 modeled CGM absorbers. 

4.4. Limited CGM Cloud Origin Information 

The following information which bears on the origins 
of the CGM clouds in this sample is available: (1) 
absorber metallicity for 24 modeled clouds (Table 6); 
(2) infall/outflow determination made using the three- 
dimensional orientation of the galaxy (possible for only 
four galaxies and eight absorbers in this sample); (3) the 
position angle on the sky relative to the galaxy orien- 
tation (i.e., absorber projecte d closer to the major or 
minor axis; iBouche et al.ll2012l) as shown in Figure 6 (39 
absorbers have these data) ; and (4) absorber velocity rel- 
ative to its host galaxy as a fraction of escape velocity 
(Figure 8b, which plots 58 absorbers from Tables 2 and 











1 


1 1 1 — s- 

• 



Figure 13. The distribution of modeled CGM cloud diameters 
(top) and cloud masses (bottom) as a function of scaled impact 
parameter. The symbology is the same as for Figure 10 and all sym- 
bols are filled (i.e., "metal-bearing") as required for the CLOUDY 
modeling. The declining CGM cloud sizes and masses as a func- 
tion of impact parameter is similar to the trend of Lya equivalent 
width with radius seen in Figure 9. While a power-law has been fit 
to these data (see text for best-fit parameters), these fits are poor 
(reduced \ 2 ^ !)■ 

3). The last two sets of data are suggestive in some cases 
but not conclusive as to cloud infall/outflow kinematics 
and origin. 

4.4.1. Absorber Metallicity vs. Host Galaxy Metallicity 

While absorber and host galaxy metallicities are im- 
portant in determining whether the absorbing gas orig- 
inated in the nearby galaxy, this information is not en- 
tirely definitive because modeled metallicity values can 
have large associated errors (± 0.2-0.4 dex; see Table 6 
and Paper 2). Also, a dilution of metal-enriched gas 
by more pristine gas in the galaxy's vicinity can de- 
crease absorber metallicity by an unknown amount so 
that an absorber which origi nates in the host gala xy can 
have Z a bs < Z ga i . Recently iLehner et al.l (|2013t ) found 
a strong bifurcation of luminous galaxy CGM absorber 
metallicities at Z a f, s = 0.1-0.2 solar. These authors con- 
clude that the more metal-rich absorbers likely originate 
in the nearby large galaxy and may be outflowing or re- 
cycling gas while the lower metallicity gas is infall. We 
adopt a similar criteria to make our tentative assessments 
of this sample of absorbers. Of the modeled absorber 
metallicities for the 24 cases in Table 6, many values 
are broadly consistent with the metallicities of their host 
galaxies. Whether these absorbers are infalling or out- 
flowing is not specifically known but nine of them have 
| Aw | <C v csc so we identify these as likely recycling gas. 
Six of these are at p < 0.5 i? v ir- For most other absorbers 
in Table 6 the modeled absorber metallicities are not suf- 
ficiently accurate or sufficiently different from their host 
galaxy metallicities to provide secure cloud origin deter- 
minations. 

However, there are a few absorbers for which we can 
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be more definite. Three absorbers have modeled metal- 
licities consistent with gas originating in the nearby host 
galaxy (i.e., Z abs w Z gal ) but with |Au| > v csc . We iden- 
tify these three absorbers as likely outflowing gas. One of 
these is the 3C 273 absorber at cz — 1 585 kms" 1 , which 
has a metallicity of a few percent solar ()Tripp et al.ll2002l 
and Table 6). Its host galaxy is a nearby, post-starburst 
dwarf, which also has a few percent solar metallicity 
suggesting that the absorber is outflowing and its ra- 
dial velocity (Av = 5.2v csc ) requires it to be unbound 
UStocke et alJl20"o"l . 

Four other absorbers have metalli cities of < 20% sola r 
with super-L* associated galaxies (|Lehner et al.l l20T3h . 
much less than expected if the gas originated in their 
host galaxies even with dilution by pristine gas. We 
identify these absorbers as likely infalling gas. One 
targeted sample absorber associated with the starburst 
galaxy NGC 2611 (Table 2) has ~10% solar metallic- 
ity and is constrained to be infalling gas by the ge- 
ometrical argument made in the next sub-section. A 
low-metallicity (~15% solar) absorber in the targeted 
PMN J1103-2329 sightline is associated with an 0.9 L* 
spiral and is also constrained geometrically to be in- 
falling. A low-metallicity serendipitous absorber (~3% 
solar) is identified with a 2 L* galaxy in the PKS 1302- 
102 sightline (cz = 28,435 kms' 1 absorber). The 
fourth low-metallicity absorber/galaxy pair is somewhat 
more ambiguous. The PG 1211+143 absorbers at cz = 
19,329 kms' 1 and 19,467 kms" 1 have metallicities of 
~ 15% solar and solar. In this case we interpret the 
higher metallicity absorber as originating, not in the 
nearest 0.16 L* galaxy (Table 3), but in a 1.2 L* galaxy 
(Table 5) only slightly further away at 0.77i? v ir in pro- 
jection. The lower metallicity absorber could either orig- 
inate in the lower luminosity galaxy or be falling into 
either of the two nearby galaxies, originating elsewhere. 
Given that this system is most simply described as a large 
galaxy with a small companion in its halo, the least am- 
biguous interpretation of these t wo absorbers is entirely 
with respect to the 1.2 L* spiral (|Tuiminson et al.ll2005f) 
with the solar metallicity absorber being outflow and the 
sub-solar absorber being infall. 

4.4.2. Three-Dimensional Orientation of Host Galaxy 

Although the sign of the absorber/galaxy radial ve- 
locity difference is known, whether the absorber is in- 
falling or outflowing is not known unless the three di- 
mensional orientat ion of the galaxy can be determined 
(jStocke et al.ll20Tfj|) . This is the primary reason why we 
have chosen to plot the absolute value of the galaxy- 
absorber velocity difference in Figures 8 and 10 . Three 
dimensional orientation determinations are possible only 
for those few galaxies with both well-defined disks in- 
clined at an intermediate angle relative to us on the sky 
and also some global internal extinction pattern (i.e., one 
side of the galaxy disk is more obscured than the other 
from our perspective, and therefore more distant from 
us). Even possessing this information, an infall/outflow 
determination is possible only for absorbers within about 
45° of the galaxy's minor axis, for which we assume a to- 
tal motion perpendicular to the galaxy's disk. There- 
fore, we have solid determinations for only eight ab- 
sorbers near four galaxies in the targeted list: HE 0435- 
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Figure 14. The modeled mean pressure (P/fc in cm" 3 K) in- 
side warm CGM clouds as a function of scaled impact parameter. 
Surprisingly, there is no indication of a strong trend as might be 
expected if these clouds are in pressure equilibrium with a hot 
(T ss 10 6 K) gaseous halo, whose density is declining rapidly with 
radius around the host galaxy. While a power-law has been fit to 
these data (see text for best- fit parameters), this fit is poor (re- 
duced x 2 ~ 3.3). 

5304/ ESO 157-49 (three c omponents with Lya-only de- 
tected; EeenexetaDHoil), SBS 1108+560/M108, PNM 
J1103-2329/NGC 3511 and PG 0832+251/NGC 2611 
(see Paper 2 for detailed descriptions). The geome- 
try and sign of Av require that the two lower red- 
shift HE 0435-5304 absorbers are outflowing while the 
third is infalling. The lower redshift, higher metal- 
licity SBS 1108+560 absorber is found to be outflow- 
ing, the other infalling. PG 0832+251 possesses one 
outflowing [the log (Z/Zq) = —0.5 LLS] and one in- 
falling [\og(Z/Z & ) 0.9] absorber (Table 6). The 

PNM J1103-2329 absorber associated with NGC 3511 
is infalling and has low metallicity [log (Z/Z Q ) ~ —0.8]. 
No absorber/galaxy pairs in the serendipitous list have 
geometrically well-determined directions for the gas flow. 

But the case of the three Lya-only absorbers located 
along the minor axis just beyond the virial radius of 
ESO 157-49 is a cautionary tale for this analysis. The 
geometry of the host galaxy requires that two of these 
are outflowing ab sorbers but no met als are detected in 
the COS spectra (jKeenev et al.1120121 ). However, the ab- 
sorbers' lower JVh i values makes the absence of metal ab- 
sorptions reasonable if these clouds have similar metallic- 
ity and physical conditions to the absorber s found in the 
other two sight lines around ESO 157-49 (jKeenev et al.l 
l20l3 ). Therefore, the assignment of these two absorbers 
specifically, and the other "Lya-only" clouds in general, 
as very low metallicity infalling gas is not justified by the 
limited sensitivity of the current data. Given the sub- 
stantial fraction of CGM absorbers at p > 0.5 i? v i r which 
are "Lya-only" clouds, a confident accounting of low- 
metallicity gas infall onto galaxies requires higher SNR 
spectra than in-hand currently. 

4.4.3. Absorber Location Relative to Host Galaxy's Minor 

Axis 

Another piece of information that is available for 
many absorbers is absorber location relative to the host 
galaxy's major axis (see Figure 6). This determination is 
possible for 26 serendipitous CGM absorbers and 14 (all 
but three) targeted absorbers based on galaxy sky orien- 



24 



Stocke et al. 



tations from NED. Most of these values come from SDSS 
and have been checked by us for plausibility. Several host 
galaxies simply lack such information while others have 
no well-defined major axis (e.g., a dwarf Magellanic spi- 
ral) and some galaxies a re face-on. Us i ng a sa mple of very 
low-z Mg II absorbers, iBouche et al.l (|2012h found most 
absorbers concentrated around either the host galaxy's 
major or minor axis. They identified the major axis ab- 
sorbers with infalling gas and the minor axis absorbers 
as outflowing gas. But this assignment is far from certain 
(e.g., the 3C 232 absorber near NGC 3067 and one ab- 
sorber each in the three sightlines mentioned in the last 
sub-section are located along the m inor axis but con- 
strained by geometry to be infalling; iStocke et al.ll2010l 
Section 2.1). Therefore, until this dichotomy can be 
tested further, we must view it as interesting but unre- 
liable. This is especially true for the serendipitous sam- 
ple absorbers, which are rather isotropically configured 
around their host galaxies. The absence of a bi-modal, 
major axis/minor axis concentration in absorber posi- 
tion angle persists even for absorbers at absorber/galaxy 
separations of < 100 kpc. Therefore, we make no cloud 
origin determinations based on these data. 

4.4.4. Absorber Velocity Relative to Host Galaxy 

In Section 4.2, Figure 8b was divided into plausible 
regions in both coordinates which we interpret further 
here using the additional information described above: 

1. Inside 0.5 i? v ir almost all absorbers (12 of 13) con- 
tain metals. The one exception is a dwarf asso- 
ciated with a COS pointing. Although the data 
quality of this spectrum is good (SNR ~ 20 in 
G130M and ~ 12 in G160M), the metallicity of 
gas associated with this dwarf could also be quite 
low, plausibly below 0.1 solar which would not be 
detectable in the spectrum given the observed Ah i 
value. Six of these 13 absorbers have radial velocity 
differences, \Av\ < 0.1u csc , so low that we conclude 
that these six are bound clouds, despite not know- 
ing whether they are outgoing or infalling at the 
present time. These six have Z a f, s « Z ga \. Geome- 
try constrains two of these 13 absorbers to be out- 
flowing and one to be infalling (see Section 4.4.2). 

Two other absorbers (at cz = 5425 kms -1 in the 
PG 0832+251 sightline and at cz = 1194 kms -1 
in the PMN J1103-2329 sightline), which are con- 
strained to be infalling by geometry, have large 
\Av\/v csc = 1.2 and 0.54, respectively. Both of 
these absorbers have low metallicities. The \Av\ > 
v csc for the PG 0832+251 absorber strongly sug- 
gests that this is infalling gas originating outside 
NGC 2611; the case of the PMN Jl 103-2329 ab- 
sorber is less certain. The remaining metal-bearing 
clouds at small impact parameter have intermedi- 
ate \Av\/v csc = 0.2-0.8 values (see Figure 8b) and 
so are less securely classified. 

2. At 0.5i?vir < p < Rvii, 14 absorbers have met- 
als detected at log (Z/Z & ) > —1.0. Four of these 
have log (Z/Zq) close to Solar metallicity and so 
we identify these four as originating inside their 
L > L* host galaxies. Three of these four have 
\Av\/v csc < 0.1 and are identified as likely bound 



recycling gas clouds. The remainder have interme- 
diate values of |Ai>|/?; esc and metallicity (or uncer- 
tain metallicity) so that their kinematic origin and 
fate are unclear. The 11 Lya-only clouds in this 
region have unknown metallicities and so unknown 
origin and fate. 

3. Outside the virial radius to our arbitrary limit of 
1.5i? v ir there are nine metal-enriched absorbers, 
four of which have relative velocities much greater 
than w csc , while four others have a velocity indica- 
tive of probable escape. Of the three absorbers that 
have | Aw | 3> v csc , two have Z a b s ~ Z ga i and are 
identified as outflowing, unbound gas (including 
the 3C 273 absorber discussed in Section 4.4.1); the 
third absorber has a very low [log (Z/Z@) ~ —1.7] 
metallicity so we identify it as infalling (see Section 
4.4.1). 

The Lya-only absorbers in this region have varying 
relative velocities and so their origins and fates are 
unknown, excepting for the three in the HE 0435- 
5254 sight line along the minor axis of ESO 157-49, 
discussed above. 

Given the substantial sky area surveyed around 
these galaxies for absorbers, and the dAf/dz = 50 
per u nit redshift for log Am > 13.0 (jPenton et al.1 
2004), a few (three to five) of the absorbers at large 
impact parameters could be projected systems; i.e., 
the absorbers are actually several Mpc away radi- 
ally despite having redshifts within ±400 kms" 1 of 
the galaxy. 

In summary, based upon using a combination of the 
factors listed above, we have not yet obtained secure ori- 
gins and fates for CGM clouds in a majority of cases. 
However, probable assignments can be made in some 
cases. Nine absorbers at p < i? v ir (6 at p < 0.5i? v ir) have 
metallicities broadly consistent with their host galaxies 
and very low absorber-galaxy velocity differences (radial 
velocity difference < 10% of v csc ). The latter population 
is very likely bound, recycling "galactic fountain" gas 
although we cannot distinguish which clouds are outgo- 
ing and which are infalling at the present time. Five 
CGM absorbers with metallicities comparable to their 
host galaxy metallicities have sufficient velocities to es- 
cape and so we identify them as unbound outflow; three 
of these are constrained by geometry (sub-section 4.4.2) 
to be outflowing gas. Importantly, three absorbers with 
Z a b s <C Zg a i are identified as infalling. One of these 
three is constrained geometrically to be infalling gas. The 
bulk of the absorbers, particularly the Lya-only clouds, 
have unknown origins at the present time. While cur- 
rent data do not provide unambiguous origin and fate 
for the majority of CGM absorbers, our analysis sug- 
gests that this is a realizable goal. Future, higher-SNR 
UV spectra with COS can determine cloud metallicities 
at < 10% solar and ground-based spectroscopy of H II 
regions in the host galaxies will provide more accurate 
absorber / galaxy metallicity differences to help determine 
the origin of these clouds. 

In the next Section, we use the photoionization model- 
ing of enriched clouds with multiple ion metal detections 
described in Section 4.3 to determine warm CGM cloud 
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properties in bulk. Based on the analysis in this Section, 
a substantial fraction (~ one-third) of these absorbers 
is identified as "galactic fountain" clouds based on their 
metallicities and kinematics. 

4.5. CGM Physical Characteristics Derived from the 
Combined Samples 

As shown in Table 6, the warm, photoionized CGM 
gas clouds typically have 10% Solar to Solar metallic- 
ities, ionization parameters of \ogU — —2.2 to —3.0, 
cloud sizes (characteristic diameters) of 0.1-10 kpc, to- 
tal densities of ~ 10~ 3 to 10 -4 cm -3 , temperatures (not 
shown) of 16,000-24,000 K, and masses of ~ 10-10 8 M©. 
Many of the absorbers in Table 6 have locations projected 
within the inner half virial radius of the associated galaxy 
and relative velocities indicative of being bound, recy- 
cling gas. There are six Lyman- limit and partial Lyman- 
limit systems in Table 6 that have considerably higher 
densities (njj > 10~ 30 cm~ 3 ) than the other absorbers 
and are among the more massive CGM clouds. The 
cloud parameters found in Table 6 are similar to those 
found for highl y-ionized high velocity clouds around 
the Milky Way dShull et al.ll2009t Eehner fc Howkll2l)lTl: 
iPutman et al.ll2012D but most of these clouds have lower 
ionization parameters, lower mean densities, and larger 
sizes and masses. Among the CGM clouds modeled us- 
ing CLOUDY, three absorbers appear to be unbound, 
outflowing gas (see Section 4.4). There is no obvious 
distinction between the models for unbound vs bound 
clouds in this sample, although four of the unbound ab- 
sorbers (3C 273 at cz = 1585 kms" 1 and PKS 0405-123 
at cz = 45, 378 kms -1 in Table 3 and PHL 1811 at cz = 
22,032kms _1 (see discussion of this absorber below) and 
PHL 1811 at cz = 23,310 kms -1 in Table 4) have no 
detected O VI (log Aovi < 13.2). Only one other metal- 
bearing serendipitous absorber has undetected O VI (the 
LLS in PHL 1811 at cz = 24, 222 kms" 1 ). 

The discussion in Section 4.3 and Figures 12-14 show 
that, except for the marginally-significant decline in 
CGM cloud size and mass with impact parameter, there 
is little distinction between CGM clouds as a function of 
galaxy luminosity (for galaxies with L > 0.1 L*), radial 
location or relative velocity once the virial radius scaling 
is applied. The dwarf sample has lower covering factor 
and cloud masses but these conclusions are based upon 
smaller numbers of examples. Since the clouds we have 
modeled using CLOUDY are a modest fraction of the 
full ensemble of CGM clouds, we must assume something 
about the clouds we have not modeled (or cannot model), 
those containing few or no metal absorptions. In order 
to proceed we will assume that all other CGM clouds 
are physically similar to the models in Table 6. Almost 
all of the CGM clouds at p < 0.5 i? V ir have been mod- 
eled and the inner half virial radius contains the more 
massive clouds statistically, so the most massive portion 
of the CGM is well-modeled by the available data. For 
the outer half of the CGM, to be conservative we assume 
that the "Lya-only" clouds are scaled-down versions of 
the clouds modeled in Table 6, smaller and less massive 
but with the same log U, consistent with the available 
data. But, it is possible that some or even many of the 
Lya-only CGM clouds at large impact parameter are 
more highly-ionized (many are detected in O VI) with 



logC/ > —2.0, which could mean that they are larger 
and more massive. If this is the case our calculations 
have under-estimated the total CGM warm cloud mass 
somewhat. 

While we have measured very high CGM cloud cov- 
ering factors, these near unity values do not require 
very large filling factors of CGM clouds because we are 
viewing these galaxies from afar, a situation geomet- 
rically quite different from our view inside the Milky 
Way looking outward where large observed area cover- 
ing f actors for HVCs do imply large volume filling fac- 
tors (IShull et al.ll27M ILehner fc Howld[20Tl . The cur- 
rent situation is analogous to viewing clouds in our own 
Earth's atmosphere around the setting Sun. A similar ge- 
ometry causes the covering factor of CGM clouds around 
external galaxies to be near unity, even if the filling factor 
of clouds is < 10% (see below). 

In the present case, we have measured a very high 
covering factor for the CGM out to approximately i? v ir- 
Now we need to estimate the filling factor for clouds of 
varying cloud sizes from these covering factors. To do 
this we assume that a galaxy halo extends spherically to 
its virial radius and is partially filled with spherically- 
shaped warm CGM clouds whose sizes are determined 
from the modeled sizes found in Table 6. Since we are 
viewing these galaxies from an arbitrary direction, the 
assumption of cloud sphericity seems reasonable; i.e., the 
line-of-sight cloud diameters found by photoionization 
modeling characterize cloud sizes averaged over viewing 
angle, which is well-approximated by circular clouds in- 
side a circular CGM region on the sky. For the calcula- 
tion below, a covering factor of C ~ 100% inside 1/2 R vir 
and C ~ 75% between 0.5i? V ir and i? V i r is assumed, val- 
ues consistent with Figure 3 for the super-L* and sub-L* 
samples. For the dwarfs we assume C = 0.5. 

An additional, important geometrical factor to con- 
sider is "shadowing". When one or more clouds lie be- 
hind another from our perspective, the observed cover- 
ing factor (C) implies a larger filling factor (F) of CGM 
clouds, augmented by the amount of "shadowing" (S). S 
is the mean number of distinct clouds along a sight-line 
within any one galaxy CGM (i.e., at \Av\ < 400 kms -1 ) 
and can be measured statistically using the percentage of 
multiple CGM systems (e.g., in Tables 2, 3 and 4 individ- 
ual galaxy entries are accompanied by muliple absorber 
recession velocities where S > 1). For the combined 
serendipitous and targeted CGM sample shown in Tables 
2 and 3,5"= 1.4 ± 0.2 with no evidence for a significant 
difference in shadowing between the inner and outer half 
virial radii. This means that for a given value of the cov- 
ering factor, the number of CGM clouds is 40% larger 
by taking shadowing into account. A modest amount of 
shadowing requires a modest filling factor if cloud sizes 
are much less than the virial radius. If the filling factor of 
CGM clouds were close to unity (which it is not), virtu- 
ally every sight line would include multiple components 
(i.e., S > 2). There is no evidence for a different value 
of S for the dwarfs. 

Based on these geometrical assumptions, the covering 
factor C is given by: 



C 



S x 7ri?^ GM 



(2) 
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Table 7 

Model Parameters for Warm CGM Clouds 



Sub-sample (L) (R vil ) <L) a (Af cl > b (logAf cl > c (logAL) <logM vir ) 

(£•) (kpc) 



Super-L* 2.0 230-290 3-6% 3000-4500 10.0-10.4 10.4-10.7 11.8-12.1 
Sub-L* 0.45 140-210 5-10% 1000-1500 9.5-9.9 9.7-10.3 11.2-11.7 

Dwarfs 0.03 70-120 0.5-1% 150-250 7.8-8.3 8.8-9.6 10.3-11.0 

Note. — All masses are given in units of Mq. Quantities listed as a range are calculated 
using virial radii determined from halo abundance matching and from Equation (1), respectively. 
Estimated errors in warm cloud masses are ±0.2 dex for super-L* and sub-L* galaxies, and 
±0.5 dex for dwarfs. 

a Volume filling factor of warm CGM clouds in the inner half (R < 0.5i? v ; r ) of the CGM; the 
outer half (0.5 R VIr < R < -R v ir) has (F) values ~ 8 times smaller. 

b Total number of warm CGM clouds per galaxy with diameters > 1 kpc. All supcr-L* and 
sub-L* galaxies have > 10, 000 tiny clouds < 1 kpc in size. 
c Total mass per galaxy in warm CGM clouds. 



where N c \ is the number of CGM warm clouds, r c \ is 
the median cloud radius and i?cGM is the radius of the 
galaxy's CGM, which we take to be the virial radius. In 
this case the volume filling factor (F) is given by: 

Equations (2) and (3) imply that 

N cl = C x S x ( 4 ) 

and 

F = C x S x • (5) 

RCGM 

By this formulation, the filling factor is given by the 
covering factor times the shadowing factor diminished 
by the ratio of cloud size to CGM size. The surface 
area and volume of an annular region (i.e., the outer half 
of the CGM: 0.5 i? v ir < P < -Rvir) are related slightly 
differently from the circular area and spherical volume 
assumed above, requiring small numerical correction fac- 
tors of order unity to the above equations. 

We combine the physical cloud parameters found in 
Table 6 with the covering factors shown in Figure 7 to es- 
timate a mass per galaxy in warm CGM clouds. That is, 
we determine the range of cloud masses and their relative 
numbers in our sample based on the modeling results in 
Table 6 and assume that these model results are represen- 
tative of the full cloud population. The observed covering 
and shadowing factors are then used to determine cloud 
numbers (Equation 4) and filling-factors (Equation 5) for 
the various sizes of clouds found. While the covering fac- 
tor is dominated by a large number of little clouds, the 
filling factor (and thus the mass) is dominated by the few 
bigger clouds, which are slightly more frequent in the in- 
ner half CGM volume. For the cloud sizes in Table 6, the 
overall filling factor is <~ 15 times less than the covering 
factor in the absence of shadowing (modest shadowing 
and small cloud sizes require small CGM filling factors). 
The numbers of clouds and their masses as a function of 
cloud size then result in a total CGM mass in warm gas. 
We use the available data in two radial bins, p < 0.5 i? v ; r 
and 0.5 i? v ir < p < 1 -Rvir, and two host galaxy luminosity 
bins (super-L*+ sub-L* and dwarfs). We have combined 



the super-L* and sub-L* absorber samples because these 
galaxies have similar CGM covering factors (Figure 7) 
and similar modeled cloud parameters (Figure 12). On 
the other hand, we have treated the inner and outer half 
CGM regions (p < 0.5L? v i r and 0.5 i? v j r < p < -R vu .) sep- 
arately to account for the slightly lower covering factor 
at larger radii (see Figure 7), the slightly lower average 
mass of modeled CGM clouds (Figure 13) and the sig- 
nificantly smaller number of absorbers modeled (Figure 
8 and Table 6), Importantly, almost all of the Lya-only 
absorbers are in the outer half virial radius. Most clouds 
at 0.5 i? v ; r < p < R v ir had insufficient metal absorption- 
line detections to be modeled which is likely due to these 
absorbers being physically smaller with smaller masses 
since they have smaller Nm- We conclude that, de- 
spite the nearly twice larger volume projected onto the 
outer half virial radius, three-quarters of the CGM warm 
cloud mass is contained within the well-modeled inner 
half virial radius. 

Table 7 shows the results of the mass estimates based 
on Equations (2)-(5) using cloud parameters based on 
the CLOUDY model results in Table 6 for the 24 clouds 
with multiple ion detections taken as representative of 
the CGM warm gas clouds as a whole. Data in Table 7 
include by column: (1) luminosity sub-sample; (2) me- 
dian luminosity of the sub-sample in L* units; (4) median 
virial radius (in kpc); (5) the filling factor of warm CGM 
clouds summed over cloud size within the inner half virial 
radius. The outer half has filling factors which are ~ 8 
times less than the values in this column ; (6) the to- 
tal number of CGM clouds with sizes > 1 kpc; (7)-(9) 
the logarithm of the estimated total mass in CGM warm 
gas, in stars, and in baryons plus dark matter inside the 
virial radius (i.e., column (9) is the "halo mass"), respec- 
tively. All masses are given in solar masses. All values 
are referenced to the median luminosity galaxy in each 
sub-sample. For quantities in columns (3)-(9) the range 
of values given refers to the range of virial radii and halo 
masses assuming the two different prescriptions for these 
quantities presented in Section 3.1. The smaller values 
are from the halo-matching algorithm while the larger 
values are found by using Equation (1). 

For all three luminosity bins the estimated ensemble 
mass in warm photoionized CGM clouds is substantial. 
In the largest galaxies the CGM warm clouds contain 
~ 10 10 M Q of gas, about half the amount of baryons as 
in the stars, gas and dust in the galaxy's disk. These 
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masses are quite uncertain (±0.2 dex) since they depend 
on the small number of very massive CGM clouds in 
this sample and on their masses as determined by photo- 
ionization modeling. In turn this modeling depends on 
line strengths of H I and metal absorption lines measured 
in modest to good SNR spectra from STIS and COS, re- 
spectively. By comparing the column densities of key 
metal ions in DS08 and in other publications modeling 
the s ame absorbers (e.g.. lTripp et al.ll2002t iTiiton et al.l 
I2012H . these measurements can differ by 10-20%, affect- 
ing the modeling significantly. For example, Table 7 lists 
a cloud size for the 3C 273 absorber at cz = 1585 kms" 1 
that is ~ 3 times larger than found bv lTripp et al.l (|2002f) . 
However, we see no systematic variation in the cloud pa- 
rameters determined from the COS spectra (which lack 
higher order Lyman lines for accurate curve-of-growth 
H I column densities) and the STIS spectra, which gener- 
ally have significantly less SNR but, in conjunction with 
FUSE spectra, allow curve-of-growth determinations of 
hydrogen column density. The main uncertainty in the 
estimates in Table 7 is the modest number of CGM 
clouds which were successfully modeled by CLOUDY. 
This is particularly true for the dwarfs where only three 
absorbers in our sample have been modeled. For that 
sub-sample we estimate a larger uncertainty for the mass 
estimate in Table 7 of ± 0.5 dex. 

Because we have modeled these clouds entirely using 
their lower, largely photo-ionized ions, the total warm 
CGM mass in column (6) does not explicitly include any 
"warm-hot" gas collisionally- ionized by shock fronts as- 
sociated with the motion of these clouds through a hotter 
substrate. O VI is detected in all but three serendipitous 
metal-bearing clouds (Table 3), as well as in the one tar- 
geted absorber for which a FUSE spectrum is available. 
This suggests that a "warm-hot" interface is associated 
with virtually all warm CGM clouds . The recent "COS- 
halos" study (|Tumlinson et al.l 120111 ) found a high cov- 
ering factor of O VI to at least 0.5i? v i r in a sample of 
L > L* star-forming galaxies. The similar extent and 
covering factor of absorbers strongly su ggests that these 
absorb ers are related. From the recent iTumlinson et al.l 
(|2011l ) analysis, this hotter gas comprises a somewhat 
smaller, but still substantial, amount compared to the 
photo-ionized gas mass we find here. 

The median luminosities for the super-L* and sub-L* 
samples bracket the total luminosity estimated for the 
Milky Way. Therefore, for the statistics, physical models 
and halo-matching scalings adopted here, we expect that 
the Milky Way's CGM should extend to ~ 200 kpc and 
should contain ~ 2000 warm CGM clouds > 1 kpc in 
size with a filling factor of order 4%. This inferred filling 
factor means that approximately one in every 25 Si Ill- 
absorbing HVCs should be located at distances of 50- 
150 kpc, rather than in the low halo (< 10-20 kpc above 
the disk; [Collins et al.l [20091: iLehner fe Howldl20fll ). Al- 
though much fewer in number s than the Si HI HVCs 
discovered and inv entoried by Sh ull et al.1 (j2009f ) and 
iCollins et all (pool ), these more distant CGM clouds are 
estimated to contain an order of magnitude more mass 
(~ 10 10 Mq) than th e highly-ionized HVCs. Recently 
ILehner fe Howkl (|2011f ) have used background stars to in- 
fer that many highly-ionized HVCs are close to the disk, 
< 20 kpc away. Because the detection rate of these HVCs 



is ~ 50% in absorption against distant halo stars and 
the detection rate of Si HI HVCs ag ainst extra-galactic 
targets is - 80% (jShull et al.l 120091 ) . many Milky Way 
highly-ionized HVCs do not have good constraints on 
their distances and so may be much more distant than 
20 kpc above the disk. These covering factors leave open 
the possibility that the Milky Way has a distant (50- 
150 kpc), highly-ionized and much more massive CGM 
cloud population like we have found around other galax- 
ies. Indeed, there is no reason to expect our Galaxy to 
be different in this respect. 

5. DISCUSSION 
5.1. The Baryon Budget in Spiral-rich Galaxy Groups 

Rich clusters of galaxies are often considered to be fair 
samples of the universe due to their enormous size and 
deep gravitational potential wells. In this context a re- 
lated assumption is that clust ers contain the cosm ological 
baryon to dark matter ratio ([White et al.lll993h . Obser- 
vationally, both in rich clusters and in smaller groups 
of galaxies dominated by massive ellipticals, the intra- 
cluster and in t ra-group diffuse gas emits copious X-rays 
(|Sarazinl ll988; Mulchaev 2003) and cont ains most of the 
baryo ns (|White et al.l 11993). However, iMulchaev et al.l 
(1996) failed to detect thermal X-rays from spiral-rich 
groups of galaxies and, based upon the lower velocity 
dispersion of spiral-rich groups compared to elliptical- 
dominated groups, they speculated that the only viable 
method for detecting such gas was through absorption 
lines in the spectra of bright background QSOs. While 
O VI 1032, 1038 A absorption was specifically mentioned 
by them as likely transitions to conduct such a search, 
H I Lya remains sensitive to diffuse gas at temperatures 
slightly in excess of 10 6 K, but requires high-SNR spectra 
to detect even modest column densities (log Ah i > 13), 
which imply total hydrogen columns log Ah > 19 due to 
the extremely small neutral fractions at T > 10 6 K. 

Using a ver y high-SNR (~ 50) COS spectrum of 

PKS 0405-123. [Savage et al.l pOlCh reported the discov- 
ery of the fir st broad, symmetrical O VI absorption which 
matches the lMulchaey et all ()1996l ) predictions quite well 
and is arguably the first detection of diffuse, hot gas in 
spiral groups. In this case, the very hot temperature of 
this gas is required both by the line width of the sym- 
metrical O VI absorption and the absence of detectable 
Lya. The broad O VI absorber in PKS 0405-123 lies 
at p > 100 kpc in projection from two late-type galax- 
ies and also has associated warm-gas absorption at cz — 
50, 1 05 kms -1 which is inc luded in Tables 3 and 6 (see 
also iProchaska et all 12001 . In another high-SNR COS 
spectrum, a broa d Lya (BLA) absorption was found in 
HE 0226-4110 by I Savage. Lehner. fe Narayanan! (|2011bf ) 
blended with strong, much narrower Lya associated with 
warm, photoionized gas. The BLA appears associated 
with much hotter gas including O VI and Ne VIII ab- 
sorptions. A few other BLAs blended with narrower 
Lya have already been fo und in an on-going se arch of all 
high-SNR COS spectra ([Savage et al.l l2011al Danforth 
et al. in prep). The relatively strong O VI abso r ptions 
(log A vi > 14.2) discovered by ITumlinson et all (|201lD 
are not the same absorber typ e as the broad, shallow 
O VI seen bv lSavage et al.1 (|2010l) , and may actually mask 
the presence of the broad, shallow absorption in many 
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Table 8 

Spiral Galaxy Baryon Inventory 



Sub-sample logM vir logAf ba r Af*/Af bar Af W arm/M bar A/ Vl/Mbar Mcoronal/Mbar A/missing /A/bar 

Super-L* 11.8 11.0 20% 10% 6% < 10% > 50% 

Sub-L* 11.2 10.4 20% 15% [9%] [< 10%] > 50% 

Dwarfs 10.3 9.5 20% < 5% [< 1%] [< 10%] > 65% 

Note. — All masses are given in units of Mq. All values use Af v ir and ii v i r from the halo matching technique. 
All percentage values are approximate. 



cases e ven in relatively high-SNR spectra ([Savage et al.l 
[20lTi) . 

The COS UV spectrograph on HST is sensitive enough 
that a full accounting of BLAs and broad, shallow O VI 
absorptions can be made. This census can confirm 
the apparent abundan ce of BLAs tentatively seen at 
lower SNR with STIS (IRichter et al.ll2004t iLe hner et al.l 
[20071 Danfort h. Stocke fc Shullll201ol) . A large number 
of BLAs per unit redshift are expected if these are detec- 
tions of hot, extended gas in spiral-rich groups. Because 
spiral-rich groups far exceed elliptical-dominated groups 
and clusters in number density, the detection of a massive 
intra-group medium in spiral groups could contribute a 
significa nt number of bary ons to the universal budget 
(~ 20%: [Savage et &UffiM\ . 

Here we have found strong evidence for high covering 
factor warm gas clouds around galaxies of all luminosities 
and used their derived properties from photoionization 
modeling to infer the mass in these clouds. We find no 
strong distinctions between the warm CGM cloud prop- 
erties around late-type galaxies of differing luminosities 
at L > 0.1 L*. While warm clouds are detected around 
dwarfs, the current statistics are poor. We find no strong 
evidence fo r warm clouds aro und early-type galaxies at 
all (but see lThom et al.1120121 ). Using the results of our 
warm gas CGM inventory in Table 7, Table 8 shows our 
best estimates for the percentage of baryons in the var- 
ious reservoirs in spiral galaxies of varying luminosities. 
This Table uses the results on the CGM from this sur- 
vey and results from other works to characterize the lo- 
cation and physical conditions of the baryons detected 
thus far in late-type galaxies. The stellar baryon frac- 
tion is taken to be 20% for all galaxies based on a con- 
stant mass-to-light ratio of M/L ~ 1-2 in solar units but 
could be a s omewhat smaller fr action in lower luminos- 
ity galaxies ([Moster et al.1120121 ). Molecular and atomic 
disk gas and dust usually are a small fraction of the to- 
tal and HVCs detected in 21-cm emission are likewise a 
negligible amount, although the percentage of baryons in 
these reservoirs could be m uch more significant in dwarfs 
(|Peeples fc Sha nkar 201 If). A detailed accounting of the 
relative number of baryons in stars and disk g 
function of galaxy mass is beyond the scope of this paper; 
therefore, these collapsed baryon reservoirs are included 
with the stars in Table 8 and are assumed to total 20% 
of the baryon inventory (Fukugit a et al.l li"998: Shul l et all 
2012) for all three luminosity sub-samples. 

The 10-15% baryon fraction estimate for warm CGM 
clouds in luminous galaxies is based on the accounting 
and photo-ionization modeling in this paper but also as- 
sumes that the "Lya-only" clouds are physically similar 
to the modeled clouds and that their lower iVm values 
correspond to smaller sizes and masses as the modeled 



clouds. It is possible that these lower column density 
H I clouds could be much more highly ionized (O VI is 
detected in many of them) and more massive than the 
clouds we have modeled using CLOUDY. If this is the 
case, the values in column (5) may somewhat underesti- 
mate the warm CGM cloud mass. The 6% estimate of 
hot, collisionall y-ionized gas in luminou s galaxies comes 
from the recent ITumlinson etaLl (pOlIh "ffST/COS ha- 
los survey". The O VI absorption found by that group 
has a similarly high covering factor and physical extent 
around galaxies as the warm clouds we have detected, so 
it is natural to suggest a relationship between the two. 
Indeed, where O VI could be detected in these clouds 
it usually was detected (only five firm non-detections 
in Tables 3 and 4). Although the photo-ionized and 
the shock-heated gas may overlap considerably, creat- 
ing a "double-counting" of baryons issue, CGM clouds 
and their shocked interfaces may account for as much as 
15-25% of all m a ssive spiral galaxy baryons. Since the 
ITumlinson eTail (pOllT ) survey observed only the most 
massive galaxies, the other listings in Table 8 column 

(6) are extrapolations to lower luminosities based on as- 
suming a scaling between the warm CGM clouds and 
the warm-hot gas seen in high-column density O VI ab- 
sorption. These scaled values are shown in brackets to 
indicate that they are not based on actual observations 
and are quite uncertain. 

Table 8 includes the following information by column: 
(1) Luminosity sub-sample; (2) the logarithm of the to- 
tal virial mass {M V - 1T ; dark matter + baryons) in solar 
masses; (3) the logarithm of the baryonic mass (Mb ar ) 
in solar masses determined by assuming that a late-type 
galaxy c ontains the 5:1 cos mic ratio of dark matter to 
baryons ([Larson et alj 120111): (4) the baryon fraction in 
stars and disk gas and dus t (Fukugit a. Hogan. fe Peebles! 
119981 : iPeeples fe Shankar! [201 ID as discussed above: (5) 
the baryon fraction in warm CGM clouds; (6) the 
baryon fraction in WH IM gas probed by strong O VI 
(|Tumlinson et al.ll20ll assuming no "double counting" 
with the warm, photoionized baryons. Estimates in 
brackets are scaled values assuming the same fraction 
of the warm cloud mass as seen in the massive galaxies; 

(7) the limit on the percentage of very hot (T > 10 7 K) 
coronal gas around spirals set by the failure to detect 
hot (kT ~ 300 e V) gas around the Milky Way or other 
nearb y galaxi es (iBregmanl 120071: lAnderson fe Bregmanl 
120101 ) ; but see lAnderson fc Bregmanl (|2011f ) and the dis- 
cussion of IGupta et al.l (|2012D beiow. Since this limit 
is set by observations of Milky Way-sized galaxies, the 
value for dwarfs is a very uncertain extrapolation and is 
listed in brackets for that reason; (8) the percentage of 
"missing baryons" assuming that the stars, CGM warm 
clouds, CGM warm-hot interface gas traced by O VI and 
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coronal gas potentially detected in X-rays are the only 
major reservoirs and also assuming that spirals and other 
late-type galaxies are "closed boxes" for which the cos- 
mic ratio of baryons to dark matter applies (but see be- 
low). That is, column (8) is 100% minus the sum of 
columns (4), (5), (6) and (7). The values in the last col- 
umn are all shown as approximate due to the substantial 
uncertainties for the values in the preceding columns. By 
this accounting we confirm that the amount "missing" is 
large. 

The listings in Table 8 use the the total virial mass and 
the virial radius values calculated using the halo match- 
ing scalings shown in Figure 1. The scalings from Equa- 
tion (1) yield similar baryon percentages because all mass 
amounts scale upwards by a similar amount under that 
assumption (see Section 3.1). 

The hot gas (T > 10 6 K) predicte d bvlMulchaey et al l 
(119961) and potentially discovered bv lSavage et al.l (|2010L 
l2011aj ) using high-SNR COS spectra is a candidate for 
this "missing baryon" reservoir. If this hot gas extends 
over the full virial radius of a spiral-rich group (400 
kpc radius is assumed here) , it could contain as much 
as 7 x 10 11 M Q of baryons (jSavage et al.ll2010f ): this is 
enough to account for the "missing baryons" in an entire 
spiral-rich galaxy group. Since we have seen that warm 
CGM clouds likely are inf ailing and outgoing through 
the virial radius of an individual spiral galaxy, a single 
galaxy is not necessarily a closed box and so may not 
sample the cosmological ratio of baryons to dark matter 
individually. The largest extent of metal-enriched gas 
away from galaxies is probed by H I + O VI absorbers, 
which are found up to ~ 800 kpc from luminous galaxies 
(see Section 4.2 and Figure 11). Since this is comparable 
to the physical size of a spiral-rich group, it is possible 
that metals are not spread beyond the extent of a sin- 
gle group of galaxies. Also the warm cloud kinematics 
shown in Figures 8-11 shows that even the CGM clouds 
with the largest |Au| only modestly exceed v csc . Based 
on the current census, it is likely that most CGM clouds 
are confined to a single galaxy group and do not escape 
into the diffuse IGM. Therefore, a case can be made that 
a region the size of an entire spiral-rich group like the Lo- 
cal Group can be considered a "closed box" for baryon 
content and chemical evolution modeling. If significant 
amounts of gas and metals escape beyond the bounds 
of spiral-rich groups, this process could have occurred 
mostly at higher redshifts and earlier cosmic times when 
the spiral-group gravitational potential well had not de- 
veloped fully. 

Using the halo matching scaling in Figure 1 a spiral- 
rich group with a total luminosity of a few L* has a 
total halo mass of 10 127 -10 130 M and a total baryonic 
mass 0.8 dex less tha n that amount . The reservoi r of hot 
gas suggested by the I Savage et al.l ()2010L l2011af ) detec- 
tions amounts to ~ 7 x 10 11 M of gas or 40-80% of the 
baryons predicted to be present in such a group. Thus, 
this hot gas reservoir could account for the remaining 
"missing baryons" in spiral galaxy systems. If present, 
this hot gas would also be the largest baryon reservoir 
in such systems, a factor of two or more larger than all 
the stars, gas and dust in the disks of the group galaxies 
combined. 

Indirect evidence for the existence of a very extensive 



hot gas surrounding late-type galaxies is shown in Fig- 
ure 14, which displays warm CGM cloud pressure as a 
function of scaled impact parameter. There is no obvi- 
ous trend in this plot despite declining cloud sizes and 
masses as a function of scaled impact parameter (see Fig- 
ures 12 and 13) as well as declining Lya absorption W\ 
with impact parameter (Figure 9). If these warm clouds 
are in near pressure equilibrium with a hot diffuse gas 
then such a fiat pressure profile is unexpected unless ei- 
ther the scale height of this gas is much larger than the 
virial radii of the more luminous galaxies in this sample 
(i.e., > 200-300 kpc in radius) and/or the density pro- 
file of this hot gas is unexpectedly flat with radius from 
these galaxies ()Fang. Bullock, fc Bovlan-Kolchini r2012). 
Since the latter hypothesis may require an unphysically 
flat mass profile, this speculation, and the cloud pres- 
sure data from the CLOUDY modeling which support 
it, must be treated with some caution until confirmed by 
new observations. 

Neither circumstance (large scale-height or flat den- 
sity profile) is observed fo r the hot corona l gas detected 
around the Milky Way (|Bregmanl 120071 ) where scale 
heights of only a few kpc are inferred. Also very ex- 
tended X-ray emitting halos have not been detected in - 
general around nearby spir al galaxies ()Bregmanl 120071 : 
lAnderson &: Bregm an 2010). But X-ray imagers are not 
sensitive to gas with temperatures near 10 6 K, so that 
very extended gas could be present and remain largely 
undetectable to Chandra or XMM-Newton. Given the 
median pressure shown in Figure 14 (P/k « 10 cm -3 K) 
over a size > 300 kpc, and by assuming pressure balance 
between warm CGM clouds and this putative hot diffuse 
gas at T^ 10 6 K, then the total baryonic mass of this gas 
is > 2 x 10 11 Mq. The density, pressure, temperature 
and total hot gas mass inferred from pressure balance 
with warm CGM clouds is in c lose agreement w ith the 
very recent, adiabatic model of iFang eta l. (2012). This 
amount is comparable to the "missing baryons" in a spi- 
ral galaxy g roup. 

Recently, iGupta et al.l (|2012l) reanalyzed the X-ray 
spectroscopy of eight bright AGN which all probe the 
Galaxy halo and Local Group CGM. Although the loca- 
tion, size and thus mass of the O VII absorption found 
in these spectra at logAovn ~ 16 is controversial, this 
column density in O VII is close to the amount pre- 
dicted by the O VI column density found bv lSavage et al.l 
(|2Ol0l l20lTal) if T ~ 10 6 K; i.e., this Local Group detec- 
tion could be very extended hot gas consistent with the 
broad, shallow O V I found in other spiral-rich groups. 
IGupta et al.l (|2012f ) suggest that if the O VII extent is 
> 150 k pc it would have a very large mass > 10 11 M 
(see also lFang et al.l f2012f ) . similar to what we calculate 
based on both the PKS 0405-123 broad O VI absorber 
and on the warm CGM cloud pressures. 

However, other non-detections appear inconsistent 
with this interpretation. Excepting a possible Chan- 
dra detection of O VIII in the PKS 2155-304 sight line 
(jFang. Canizares. fc Yadl2"007l ). only one other plausible 
detection of O VII has been m ade with the Chan dra and 
XMM-Newton spectrometers (TBuote et al.ll2009[ ). If this 
hot gas is a common feature of most or all spiral groups, 
it should have been detected in X-ray absorption lines 
along other sight lines, and has not been, even in co- 
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added Chandra spectra (|Yao et al.l [20101. But current 
X-ray spectrometers have limited spect ral resolution an d 
poorly-characterized systematic noise (lYao et al.H20T2h . 
so that non-detections may be due primarily to these is- 
sues at the current time. Better spectral resolution using 
well-characterized detectors are necessary to make ad- 
vances in this field at X-ray wavelengths. On the other 
hand, a sensitive COS census of BLAs and broad O VI 
absorbers is possible and should find dAfsLA/dz w 10-20 
per unit redshift if spiral-rich groups contain significant 
amounts (and extents) of hot gas. A solid measurement 
of the dAf/dz for such systems can help infer their sizes, 
confirming the large hot gas masses suggested here. A 
BLA search using COS is currently underway using only 
high-SNR (> 20:1) spectra (Danforth et al., in prep). 

5.2. Input for Galactic Chemical Evolution Models 

Any accurate accounting of the mass infall and outflow 
rates into and out of spirals is premature due to the un- 
certainty in the physical structure, kinematics, metallic- 
ity and thus origin for many CGM clouds in our sample. 
While metal-enriched and Lya-only clouds are present in 
the current CGM cloud sample, the distinction between 
these two types is not well-defined owing to the lim- 
ited SNR of the UV spectroscopy used. Lya-only clouds 
could be enriched at levels similar to the metal-bearing 
clouds but with their metal absorption lines currently 
undetectable given their generally lower H I column den- 
sities (for examples, see Section 4.4.1 and iKeenev et all 
|2012|) . However, the most basic prediction coming from 
Galactic chemical evolution models, the necessary accre- 
tion of low-metallicity gas, finds some preliminary sup- 
port from this study. Only four good examples of low- 
metallicity gas in the CGMs of > L* spirals have been 
found using current data (see Section 4.4.1). This sug- 
gests that higher SNR COS spectroscopy will be able 
to characterize many other examples of gas infall by de- 
tecting metal absorption at levels significantly below the 
metallicity of the host galaxy (i.e., at < 10% solar for 
an L* galaxy). Since low-metallicity gas has already 
been detected in the Milky Way halo (e.g., Complex C ; 
IRichter et al1f200Tt ICollins et al.ll2007t IShull et alJl20H , 
external galaxy CGM studies using high-SNR COS spec- 
troscopy can add a statistical accounting of the amount 
of gas accreted, outflowing and recycling to generalize 
the Milky Way results to other spirals. 

What is possible now is a first, rough accounting of 
the amount of "galactic fountain" gas which is being 
recycled in the CGM of these galaxies. In Section 4.4 
based on the data shown in Figure 8, we identified 9 
CGM absorbers as good candidates for high metallicity 
recycling gas, which are ~ 15% by number and ~40% 
by mass of our full CGM cloud sample. This fraction is 
a lower limit on the recycling gas mass since there are 
almost certainly other recycling gas clouds which have 
not been identified unambiguously by our accounting. 
Assuming that > 40% of the mass of the CGM is in 
recycling gas and using the total warm baryonic CGM 
cloud mass in Table 7 for a 21* galaxy (and ignoring 
any modest contribution from shock-excited gas traced 
by O VI to be conservative), a typical super-L* galaxy 
is recycling >4x 10 9 Mq of high-metallicity gas, about 
half of which is infalling at any one time. Based on their 
locations in Figure 8a, we assume that the infalling high- 



metallicity "galactic fountain clouds" are falling ballisti- 
cally from a total distance of ^100 kpc at a median total 
speed of ~30 kms _1 (i.e., correcting the impact param- 
eter and radial velocity difference to three-dimensional 
quantities statistically). Thus, recycling CGM gas can 
provide > 0.6 Mq yr -1 of enriched gas accretion onto 
the galactic disk. Scaling this result to a Milky Way size 
galaxy predicts > 0.3 Mq yr^ 1 of infalling, recycling gas, 
about one-third or more of the infall rate estimate from 
Si Ill-absorbing HVCs (|Shull et all 120091) . Comparing 
the estimated accretion rate we have obtained with the 
total infalling gas estimate based on Si III HVCs suggests 
an origin for the remaining < 0.7 Mq yr _1 from outside 
the galaxy. This is not at all unexpected given the exam- 
ple of several Milky Way HVCs like Complex C. Increas- 
ing the sample size of CGM absorbers at p < 0.5 i? v ; r 
by targeting new, close QSO/galaxy pairs will allow a 
substantial increase in the known population of CGM 
clouds which are recycling galactic gas and will improve 
this crude, first estimate. 

Because we have found evidence for a larger reser- 
voir of hot, metal-e nriched gas in spiral galaxy groups 
(jSavage et all l2010[ ) . any gas expelled from dwarfs and 
spirals may largely accumulate there. Due to the lower 
escape speeds for lower mass galaxies, much of this hot 
gas could come from dwarfs in the group. The lower 
covering factor and much smaller total masses of CGM 
clouds around dwarfs found in Sections 3.3 and 5.1 
are modest support for this picture. At present there 
are only a couple examples of absorbing gas escaping 
from dwarf galaxies in this sample, but any accretion 
of gas onto larger spirals probably comes mostly at the 
expense of nearby, lower luminosity, lower metallicity 
galaxies in the same galaxy group. Low-metallicity ab- 
sorbers accreting at much higher velocities (open circles 
at p/Rvn- — 0.5-1.0 and \Av\ « 0.3-1.0 u CS c) may make 
up the additional < 0.7 Mq yr" 1 of infalling gas required 
by the current rate of Milky Way star formation. This 
suggests that, while the Milky Way is not a "closed box" 
for galaxy evolutionary models, the Local Group might 
be. Since the star formatio n histories of local dwarfs 
(|Mateolfl998t iSkillmanl I2005D as well as the histories of 
our Galaxy and M31 ()Dalcanton et alll2012f) are now be- 
ing constructed, it may be possible in the near future to 
construct a chemical evolution model for the entire Local 
Group assuming overall mass conservation. 

6. SUMMARY 

In this study we have used two samples of absorbers 
near galaxies found with HST to investigate and char- 
acterize the CGM of low- 2;, late- type galaxies. The 
COS GTO Team has observed 11 QSOs projected near 
foreground galaxies, detecting warm, photoionized gas 
around all ten L < L* spiral and irregular galaxies 
probed by these HST/ COS spectra. These galaxies in- 
clude modest starbursts, normal spirals and dwarfs, and 
one low surface brightness galaxy. There are no obvious 
distinctions between the absorptions found around any of 
these different types. Absorbers range from "Lya-only" 
clouds at log Ah 1 ~ 13.5, where we find no metals de- 
tected in available spectra, to a Lyman limit system with 
numerous metal detections and log Ah 1 ~ 18.5. H I Lya 
and metal ions typical of photo-ionized "warm" clouds 
are detected in many of these absorbers, but higher ions 
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like C IV and Si IV typically have larger equivalent 
widths than lower ions like C II and Si II, indicative of 
ionization parameters for these clouds of logU = —2.0 
to -3.5. 

In order to increase the sample size of CGM absorbers, 
particularly at L > L* , and to investigate a more ran- 
dom selection of galaxy CGMs, we have gathered a 
"serendipitous" CGM cloud sample of ~ 60 absorbers 
using the HST/STIS sample compiled by DS08 from 35 
well-observed sight lines, most of which also have FUSE 
spectroscopy. The FUSE data are important, providing 
coverage of the higher Lyman lines (and accurate A/hi 
values from the curve-of-growth technique) and the im- 
portant O VI ion, sensitive to diffuse photo-ionized or 
collisionally excited gas. A few absorbers were found 
to have Lyman limit decrements in their FUSE spectra. 
The targeted HST/COS QSOs do not (except for one) 
have complementary FUSE data. The CGM absorbers 
discovered in these serendipitous spectra are similar to 
the targeted absorbers. While the spectra, line measure- 
ments and detailed absorber modeling and host galaxy 
properties are presented elsewhere (Paper 2), in this pa- 
per we presented the analysis of these data which lead to 
the following conclusions: 

1. Only ~5% of all Lya absorbers are projected close 
enough to galaxies to probe their CGM; i.e., most 
Lya absorbers are IGM not CGM if the virial ra- 
dius is taken as the rough dividing line between 
these two populations (Section 3.2). 

2. The covering factor of warm gas clouds inside the 
virial radius of late-type galaxies is very high, con- 
sistent with unity inside 0.5 i? v i r and ~ 75% be- 
tween 0.5i? v ir and i? v ir for luminosities > 0.1 L*. 
These high covering factors are consistent with the 
ubiquity of Lya absorbers found in both the COS 
targeted survey presented here and other recent 
surve ys (|Prochaska et al.l l2011at iTumlinson et al.l 
1201 If ). While CGM detections and statistics are 
sparse for dwarf galaxies at L < 0.1 L*, the cov- 
ering factors around dwarfs are still substantial, 
~ 50% inside i? v ir (Section 3.3). 

3. We find no strong evidence for warm CGM clouds 
aroun d early-type galaxies (but see iThom et al.1 
I2012D ; the only three candidate early- type galaxies 
associated with absorbers in this sample all have 
late-type galaxy alternate identifications (Section 
4.1). 

4. While this survey uses a similar gal axy and ab- 
sorber database as lStocke et al.1 (|2006l ) . new galaxy 
survey work (ch i efly ne w SDSS data releases and 
iProchaska et al.1 1201 laf ) allows a reassessment of 
the extent of O VI absorbers away from galax- 
ies which confirms our earlier results. We find 
that the O VI absorption screen around galaxies is 
patchy with an approximate covering factor ^0.3 
at log No yi > 13.2 out to 3.5-4 i? v i r around galax- 
ies of all luminosities. While the current data are 
still sparse at low galaxy luminosities, we extrapo- 
late that dwarfs and sub-L* galaxies are the major 
sources for O VI absorbers (Sections 3.4 and 4.2, 
Figure 11). 



5. The merged sample of COS-targeted and STIS- 
serendipitous absorbers allows a detailed charac- 
terization of the CGM of late-type galaxies from 
super-L* spirals to sub-L* spirals and irregulars 
and, with limited statistics, to dwarfs at L < 
0.1 L*. Inside 0.5 i? v ; r almost all absorbers detected 
are "metal-bearing" and many have velocities too 
low to easily escape from the host galaxy. Even 
without knowing their direction of motion we iden- 
tify nine of these clouds as likely recycling "galac- 
tic fountains". A few absorbers have metallicities 
< 0.2 solar, too low to be easily ascribed to gas 
originating in their nearby "host" galaxy and a 
few absorbers can be identified unambiguously as 
gas originating in the host galaxy which is escap- 
ing into the IGM. These galactic wind candidates 
have metallicities comparable to their associated 
galaxy's metallicity and high radial velocities with 
respect to their associated galaxy (\Av\ > v csc ). 
Because of the limited SNR of the UV spectra, 
some of the COS-targeted absorbers and most of 
the STIS-serendipitous absorbers cannot be so eas- 
ily classified. A complete accounting of the origin 
and fate of CGM clouds must await new absorber 
samples found in higher-SNR (> 20:1) COS spectra 
(Section 4.2). 

6. Photo-ionization (CLOUDY) modeling of those 24 
targeted and serendipitous absorbers with multi- 
ple ionization states of the same element (at least 
two of Si Il/Si Ill/Si IV or C II/C III/C IV) finds 
CGM cloud ionization parameters of \ogU = —2.0 
to —3.5, typical metallicities of 10%- 100% so- 
lar values, total cloud densities of hh = 10~ 3 to 
10~ 4 cm~ 3 , cloud diameters of 0.1-30 kpc and 
masses of 10-10 8 M (see also Paper 2). The small 
clouds are best-sampled by this survey as they pro- 
vide the largest covering factor, while the mas- 
sive clouds provide the greatest filling factor (5-8% 
for the most massive galaxies) and the most total 
mass. However, there are only ten of these large 
(> 3 kpc), massive (> 10 5 Mq) clouds in this sam- 
ple which means that the total CGM mass in warm 
gas is not very tightly constrained. Also > 50% of 
the CGM clouds do not have sufficient metal ab- 
sorption to provide adequate input for modeling. 
For this study we have assumed that these unmod- 
eled clouds ( "Lya-only" clouds or clouds with only 
marginal metal-line detections) have similar physi- 
cal conditions to the modeled clouds (Section 4.3). 

7. Unlike the geometry created by observing Milky 
Way HVCs and highly-ionized HVCs from a loca- 
tion inside the distribution of these clouds, very 
large covering factors of external galaxy CGMs do 
not translate into near unity filling factors. In the 
simple viewing geometry assumed herein, the fill- 
ing factor depends on the covering factor, the mean 
number of clouds detected in any one CGM and 
the ratio of cloud size to the size of the CGM (see 
Equations [2]- [5] in Section 4.5). For a Milky Way 
size galaxy we estimate a CGM volume filling fac- 
tor of ~ 4%, which means that only a small fraction 
of highly-ionized Si III HVCs (|Collins et al.l 120091: 
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ILehner fc Ho wk 2011) are much more distant CGM 
clouds. This is consistent with Lehner & Howk's re- 
cent result, which places many (but not all) Si III 
HVCs within a few kpc of the galactic disk. A low 
filling factor is also consistent with our observation 
that only a few CGM absorbers have multiple ve- 
locity components (Section 4.5). 

8. Based on our analysis, which includes derived fill- 
ing factors and CGM warm cloud parameters, a 
Milky Way size galaxy has ~ 10 10 Af© of warm 
CGM clouds in its "halo" (inside its virial radius). 
Placing the warm CGM cloud population studied 
here into the overall context of the baryon inven- 
tory of spiral galaxies finds that the warm CGM 
can account for ~ 10-15% of the full baryon con- 
tent of luminous spiral galaxies assuming that these 
systems contain the cosmic ratio of baryons to dark 
matter. Including the amount of "warm- hot" gas 
traced by O VI recently found around luminous spi- 
rals by Tum linson et al.1 (|2011l ) , and assuming min- 
imal "double counting" between these two reser- 
voirs, means that the CGM contains a total number 
of baryons comparable to those present in galactic 
disks, including stars, gas and dust (see Tables 7 
and 8; Sections 4.5 and 5.1). 

9. Although our survey contains only a modest num- 
ber of absorbers associated with dwarf galaxies, 
we tentatively conclude that warm CGM clouds 
account for < 5% of the baryons in dwarf galax- 
ies. Comparing this result with the massive warm 
CGMs we have found around more luminous galax- 
ies suggests that many of the warm CGM clouds 
escape from the dwarfs into the IGM. 

10. Adding in a maximum allowable 10% of very 
hot (T ~ 1CT K) coronal gas near spiral galax- 
ies (|Bregmanl 120071 lAnderson fc Bregmanl 12010( 1 
leaves > 50% of spiral galaxy baryons unaccounted 
for. The recent COS discovery of very broad Lya 
(BLAs) and broad O Vl-absorbing gas at T > 
10 6 K bv iSavage etail (pOlOl [20TTal l . and the sug- 
gestion based on S TIS spectroscopy that BLAs may 
be quite plentiful (iRichter et al.ll2004trLehner et al.l 
l2007t iDanforth et al.ll2010l ). leads to the hypothesis 
that the Local Group and other spiral-rich groups 
could contain > 10 11 M Q of very hot gas, analo- 
gous to the intra-cluster and intra-group medium 
detected in elliptical dominated clusters and g roups 
(see also lFang et al.ll2012t [Gupta et al.ll2012l ). If a 
spiral intra-group medium of this amount is also 
ubiquitous, these gaseous reservoirs are a signifi- 
cant fra ction (~ 20%) o f the u niversal baryon in- 
ventory. iMulchaey et al.1 (|1996( ) had predicted that 
this spiral group gas was most easily detectable 
as O VI absorption in the spectra of background 
QSOs. This prediction now has ta ntalizing con- 
firmi n g evide nce in a couple of cases (jSavage et al.l 
120101 l20Tlah . Analysis of high-SNR COS spec- 
troscopy currently underway (Danforth et al. in 
preparation) can confirm this conjecture (Section 
5.1). 

11. Indirect support for the existence of a hot (T ~ 



10 6 K), extensive (> 300 kpc), and thus massive 
spiral intra-group medium comes from the analysis 
of the physical structure of the warm, photo-ionized 
CGM clouds in our sample. Figure 14 shows that, 
despite having slightly declining cloud sizes and 
masses with increasing impact parameter, CGM 
clouds show no clear evidence for a strongly de- 
clining pressure with impact parameter. If these 
clouds are in pressure equilibrium with an exter- 
nal intra-cloud medium, then the pressure of that 
medium must also be nearly constant with radius 
away from the galaxy to a distance comparable to 
the virial radii of these systems (~ 150-250 kpc 
for sub-L* and super-L* galaxies). The pressures 
shown in Figure 14 do suggest a rather flat density 
profile with radius which may be unphysical and so 
these results from the CLOUDY modeling of warm 
CGM clouds and its interpretation must be treated 
with some c aution . Bu t see support i ng evi dence in 
iFang et al.l (f2012Tl and lGupta etail (poll for this 
hot gas in our own Local Group. Nevertheless, by 
applying pressure balance and assuming T 10 6 K 
and a gaseous extent of > 300 kpc in radius sug- 
gested by Figure 14 finds > 7x 10 11 M© of gas, suf- 
ficient to account for most if not all of the "missing 
baryons" in spiral galaxies. An accurate inventory 
of BLAs and broad O VI absorption can indepen- 
dently confirm very large cross-sectional absorbing 
areas for these systems (Section 5.1). 

12. Although a robust accounting of the kinematics, 
metallicity (relative to the host galaxy) and thus 
origin and fate of individual CGM clouds is not 
yet possible, this analysis has provided some ten- 
tative information on the gas that fuels star for- 
mation in late-type galaxies. Specifically, we es- 
timate that low impact parameter, low Av, high 
metallicity clouds plausibly associated with "galac- 
tic fountains" account for > 0.3 M© yr _1 of gas in- 
fall rate in Milky Way size galaxies. This amount 
is ~ one-third of the amount found in the close- 
in HVC population to be i nfalling onto the Galac- 
tic disk (|Shull et al.ll2009D . While this suggests 
that the bulk of the accreting gas comes from out- 
side the system, we were able to identify only a 
very few (4) plausible examples of infalling, low- 
metallicity gas clouds from this sample at this 
time. To identify these infalling, low-metallicity 
clouds definitively will require both higher-SNR 
COS spectroscopy to determine cloud metallicities 
to levels < 0.1 solar and also accurate host galaxy 
metallicities from ground-based spectroscopy. Nev- 
ertheless, this study offers tantalizing preliminary 
evidence for the detection of low-metallicity gas 
accretio n required by Galactic chemical evol ution 
models ^Larson! Il972t iChiappini et al.l 120011 Sec- 
tion 5.2). 

The present work is a start to the process of charac- 
terizing the CGM of spiral galaxies. A more definitive 
characterization of the CGM will require an HST/COS 
QSO/galaxy survey using ~ 500-1000 orbits to explore 
the parameter space of galaxy luminosity (and thus mass 
and virial radius extent), galaxy type, star formation 
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rate and metallicity. High SNRs (> 20:1) are essential 
for accurate warm cloud models, cloud metallicities (in 
comparison with "host" galaxy metallicities), physical 
extents around galaxies, and importantly to search for 
broad, shallow absorption indicative of hot, spiral intra- 
group gas. Detailed study of spiral groups with known or 
suspected hot gas reservoirs is required to make a defini- 
tive confirmation; i.e., the gas temperature derived from 
the absorption line widths should be comparable to the 
velocity dispersion of the galaxies in these groups. Sev- 
eral possible BLAs in spiral groups identified herein can 
provide a viable test of the presence of a massive spiral 
intra-group gas. A detailed census of the warm and hot 
CGM in late- type galaxy groups is a necessary piece to 
construct an accurate model for galactic structure and 
evolution. 
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